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Abstract 
  
Two dimensional (2D) van der Waals (vdW) materials have attracted great attention since the 
discovery of graphene. The invention and development of various techniques, such as 
mechanical exfoliation, heterostructure transfer methods, electron-beam lithography, focused 
ion beam, etc., have greatly broaden the research of 2D vdW materials. The studies in the field 
of 2D materials have a great potential for the future application in electronics, optics, 
optoelectronics and spintronics. Within vdW materials regime, Fe3GeTe2 (FGT) and WTe2 are 
two interesting vdW materials with unique properties. The electron transport and optical 
measurements on them will be presented in this dissertation.  
FGT is a vdW ferromagnet with a Curie temperature of over 200 K. Bulk FGT crystal shows 
tiny remanence and small coercivity when measuring, which indicates its limited prospect for 
further study in the field of vdW materials and ferromagnetism. However, for a vdW magnet, 
its domain structure, which determines the magnetic behaviour, is strongly dependent on its 
thickness. In our recent research, FGT single crystals were exfoliated into thin nanoflakes and 
showed dramatically different magnetic behaviours when the anomalous Hall effect 
measurements were carried out on them. Different from its bulk single crystal, nanoflake FGT 
showed large coercivity and high remanence. Layer-dependent Curie temperatures were also 
observed, which is originated from the changing interlayer magnetic couplings. Moreover, we 
also performed angle-dependent Hall measurement and successfully fitted the data with a 
modified Stoner-Wohlfarth model. The experimental and fitting outcomes well-indicated the 
strong magnetic anisotropy in FGT, demonstrating its promising role in the study of vdW 
spintronics. 
After the confirmation of superior magnetic properties in FGT, we tried to design vdW 
heterostructures based on FGT in order to explore vdW spintronics. We stacked 
FGT/Graphite/FGT heterostructures and performed transport measurements on them. 
Amazingly, these heterostructures exhibited antisymmetric magnetoresistance (MR) effects, 
which are rarely observed before on ferromagnetic metal/nonferromagnetic 
metal/ferromagnetic metal heterostructures. The MR in these vdW heterostructures features 
distinct high, intermediate and low resistance states. This unique phenomenon is suggestive of 
underlying physical mechanisms that differ from the traditional giant magenetoresistance effect 
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which is based on the similar structure. The theoretical calculations attributed the three 
resistance behaviour to a spin momentum locking induced spin polarized current at the 
graphite/FGT interface. This work indicates that assembled ferromagnetic vdW 
heterostructures can exhibit substantially different properties from those exhibited by similar 
heterostructures grown in vacuum, which highlights the potential for new physics and new 
spintronic applications to be discovered via vdW heterostructures.  
WTe2 is another focus point of this thesis. Monolayer WTe2 has been confirmed to be a 2D 
topological insulator. Moreover, WTe2 has also been confirmed to be a type II Weyl semimetal, 
which has a linear of bands crossing the Fermi level. Weyl semimetals are potential candidates 
for future electronic and optoelectronic applications. Surface plasmon polariton (SPP) is one 
of the potential fields for the application of Weyl semimetals. Thus, exploring SPP in WTe2 
should be an interesting issue. Hence, by performing focused ion beam (FIB) assisted 
nanostructure fabrication and microspectrophotometry measurements, we managed to observe 
SPP within visible wavelengths in the type II Weyl semimetal WTe2. The plasmonic resonance 
peaks can be evidently observed in the WTe2 nanograting arrays fabricated by FIB. The 
resonance peaks vary with the width of the nano-gratings in each array. The research on 
plasmonic in Weyl semimetal will pave the way for plasmonic control and devices in high 
frequency region. 
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Chapter 1  
Introduction 
1.1 Graphene and 2D van der Waals (vdW) materials 
Two-dimensional (2D) materials are a class of materials with layered structures(1). 
Each layer in a 2D material, which is always single- or few-atom-thick, consists of a 
lattice constructed by covalent bonds and is dangling-bond-free. As the chemical 
bonds in each layer are saturated, the two neighbouring layers of the 2D materials are 
weakly bonded by van der Waals force.     
2D materials have been one of the hottest fields in material science and condensed 
matter physics since the discovery of graphene(2, 3). In 2004, A. Geim and K. 
Novoselov successfully obtained monolayer graphene by the famous ‘Scotch tape’ 
method(2). This method utilizes the competition between the tape stickiness and the 
interlayer vdW force of the bulk graphite. The appropriate stickiness of the tape allows 
the removal of the carbon atom layers from a graphite block till the successful isolation 
of monolayer graphene. This ‘Scotch tape’ method has become a widely adopted 
research technique for achieving atomically thin 2D nanoflakes, which is called 
mechanical exfoliation.     
The same group successfully isolated monolayers of other 2D materials by mechanical 
exfoliation in 2005(4), which demonstrates the universality of this method. However, 
there are still many other members in 2D family which cannot be easily isolated via 
this method. Hence, additional techniques such as heating, substrate cleaning, metal 
assisted exfoliation have been used to optimize the method(5, 6). Despite the success 
of mechanical exfoliation, the isolation of new 2D materials still remains an attractive 
field of research.    
2D materials have exhibited unique electrical and optical properties which are quite 
different from their bulk counterparts. Thin atomic layer can lead to dramatic change 
of physical properties. For instance, bulk WTe2 crystal behaves as a conductor with 
extremely large magnetoresistance at low temperatures(7), while the monolayer WTe2 
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nanosheets have been demonstrated to have topological quantum spin Hall state 
under 100 K(8-10). The novel properties discovered in 2D materials highlight their 
potential opportunities in electronic(11, 12) and optoelectronic(13, 14) devices 
including transistors(15), solar cells(16), photodetectors(17) and digital circuits(18). 
Moreover, 2D materials have also been anticipated as an alternative as the traditional 
silicon based electronic approaching its limitation(19).     
 
There are many material systems with various physical properties in the 2D material 
family. For instance, graphene is a perfect conductor with a honey cone structure while 
hexagonal boron nitride (h-BN), which has the same lattice structure as graphene, is 
a semiconductor with a band gap of ~5.9 eV(1). To date, many important physical 
phenomena and properties, such as superconductivity(20), charge density wave(21), 
ferroelectricity(22), ferromagnetism(23, 24) and quantum spin Hall state(8-10) have 
been experimentally observed and confirmed in 2D material systems. The abundant 
phenomena and properties have made it very promising to build future multifunctional 
electronic and optoelectronic devices based on 2D systems. 
In addition to mechanical exfoliation method, ultrathin 2D materials can be achieved 
through other methods, such as the chemical vapor deposition(25) (CVD) and 
molecular beam epitaxy(26) (MBE). Actually, compared to CVD and MBE, the 
mechanical exfoliation method is not suitable for mass production, because several 
drawbacks restrict its practical application. Firstly, there are always co-existence of 
nanoflakes of various thicknesses. Secondly, its productivity can’t compete with the 
CVD growth, because the exfoliated nanoflakes always come from the mother crystals 
whose size are typically less than 1 cm2. Thirdly, the mechanical exfoliation method 
Table 1. Various 2D material systems, the figure is from reference (27). 
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relies on manual operation, which leads to the lack of its accuracy, controllability and 
repeatability. Despite these disadvantages, the current mechanical exfoliation method 
is still very useful for the initial research work. The first irreplaceable advantage is the 
high quality and cleanliness, which is due to the high quality of single crystal. Another 
advantage is the flexibility, because the substrates for “growing” the vdW films does 
not require for lattice match, the vdW force helps to bond the film onto the substrate. 
Thirdly, the cost of this method is very low compared with the cost of CVD and MBE. 
Thus, all the work in this thesis is based on the mechanical exfoliation method.          
Besides the study on the properties of the isolated 2D materials, stacking various 2D 
materials of different properties together to create new structures becomes another 
exciting research field, namely vdW heterostructures(1, 27, 28). 
 
1.2 Van der Waals (vdW) heterostructures 
The weak vdW interactions in the 2D materials not only allow the exfoliation of atomic 
thin nanosheets, but provide chances for the direct assembly of the heterostructures 
consisting of different 2D materials as well. Such stacking can create artificial 
multilayers that would never exist in nature or never be synthesized through normal 
chemical methods based on high temperature solid state chemistry. To date, 
numerous exciting physical phenomena have been predicted and observed from these 
artificial heterostructures(29, 30).    
An important achievement in the field of vdW heterostructures was the realization of 
the deterministic transfer methods(29) which enable the stacking of 2D materials with 
different lattices structures. This kind of technique was initially developed in 2010 by 
C. R. Dean et al.(31). In this work, graphene nanoflakes were aligned and stacked 
onto the h-BN nanoflakes lying on the SiO2/Si substrate. After standard device 
fabrication processes, unprecedented mobility was observed on these graphene 
devices. The technique used in this early work relies on a transparent sacrificial 
membrane (PMMA, Poly (methyl methacrylate)) prepared on a glass slide. During the 
process, one nanoflake is at first exfoliated onto the membrane directly, then aligned 
and placed onto another nanoflake on the substrate, finally the membrane is removed 
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through dissolution. This process can then be repeated to transfer more layers on the 
former layers. The biggest drawback for this method is the formation of contaminants 
on the top surfaces of each layers, which comes from the sacrificial membrane (PMMA) 
and the solvent residues. Though it is reported that the thermal annealing process(32, 
33) allows the removal of the interlayer contaminants and the achievement of higher 
mobility, a cleaner method is essential for multilayer heterostructures. Instead of “layer 
by layer” stacking, Lei W. et al.(34) invented a new method based on a “pick and lift” 
concept, which made a breakthrough on fabricating vdW heterostructures. In this 
method, nanoflakes are at first directly exfoliated on a Polypropylene carbonate (PPC) 
/PDMS membrane, then the top nanoflake on membrane is aligned and brought into 
contact with another nanoflake on the substrate. Due to the strong van der Waals 
interactions existing between the nanoflakes, there is a high chance that the second 
nanoflake will stick to the top one and be lifted together with it. After repeating this 
process for several times, the PPC membrane (without PDMS) is finally released 
together with the heterostructures onto the desired substrates or pre-patterned 
circuits(9). The top PPC layer can be thoroughly removed by chloroform solvent. In 
this method, only the top surface of the whole heterostructure is exposed to the PPC 
and chloroform. Thus, this technique can result in much cleaner interfaces over large 
areas. Lei W. et al.(34) also used this method to fabricate h-BN encapsulated 
graphene devices and observed much higher electron mobility and quantum Hall effect 
at higher temperatures. Considering that many materials have structural instability in 
the air(35), further advances could be achieved by operating the whole process in a 
glove box with a controllable atmosphere (Ar, N2 etc.). The development of the transfer 
techniques allows ultrathin vdW materials to be transferred onto the desired positions 
with a high degree of control and accuracy, which greatly contributes to the progress 
in the research field of vdW heterostructures.  
One of the very initial benefits brought up by the deterministic transfer technique is the 
device fabrication of the air-sensitive materials such as black phosphorus(36)(BP). 
When exposed in air, a BP nanoflake will get oxidized in a very short time. However, 
if a BP nanoflake is totally encapsulated by an insulative material, the oxidation 
problem can be avoided without affecting its electrical properties. Based on this 
thinking, researchers chose h-BN as the encapsulating layers. H-BN is a popular vdW 
material in vdW heterostructures field. Single layer h-BN has a hexagonal structure 
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with a lattice constant nearly the same as that of graphene. H-BN has a large bandgap, 
so it’s totally insulative. Moreover, h-BN is resistant to mechanical manipulation and 
chemical interactions(1). All these properties make h-BN an ideal material as an 
encapsulating layer or substrate for vdW stacked devices. By encapsulating BP 
devices by h-BN layers in an oxygen-free glove box, quantum Hall effect was 
successfully observed as well(37), which demonstrates the effectiveness of the 
transfer method. To date, h-BN have served as the dielectric layers for the electric 
gating modulation on lots of vdW heterostructures as well(38-40).  
Except for the transfer methods, other technical problems within vdw heterostructures 
research have been overcome as well. One important issue is the fabrication of the 
electrical contacts(41) on the vdW heterostructures for the experimental electrical and 
optoelectrical tests. Typically, electrical contacts are always fabricated by performing 
metal deposition on the lithography-defined patterns(41). To ensure the cleanliness 
between the contacts and device’s surface,  plasma cleaning is always carried out 
prior to the metal deposition. However, for vdW heterostructures devices with 
atomically thin top layers, it’s quite difficult to perform a perfect plasma cleaning 
without destroying the top layers. Moreover, an assembled stack also prohibits one to 
directly fabricate contacts in the inner layers(41). For instance, for the h-BN 
encapsulated ambient-sensitive heterostructures, the etching of the top h-BN layer 
seems necessary for the fabrication of top contacts(42, 43). Fortunately, researchers 
innovatively utilize the graphene to solve this problem(34). As it has been 
experimentally demonstrated that various profiles of the edges of a stack can be 
obtained by plasma etching(44), it is possible to only etch the edge of the stack by 
plasma and fabricate contact on the exposed layer. The contact resistance for 
graphene can be as low as 35 ohm∙m(34), making it ideal for electronic testing. 
Moreover, by using graphene as edge contacts, researchers have successfully 
observed the highest mobility in MoS2 devices(45). More further work based on this 
technique can be carried out in future.   
Based on the current transfer technical system, many interesting novel phenomena 
have been observed in vdW heterostructures. For instance, in the field of transition-
metal dichalcogenides (TMDC) materials, which is a big sub-class of 2D materials, 
many combinations have been made for heterostructure stacking. In MoS2-WSe2 
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heterostructures(46), an ultrafast hole transfer rate of ~50 fs has been observed. In 
WS2-MoSe2 heterostructures(47), additional photoluminescence peaks have been 
observed due to the recombination of trions generated by the excitons in the 
WS2 and the electrons in the MoSe2 layers. These efforts provide promising 
optimization for future optoelectronic devices. Another big surprise in vdW 
heterostructures field still comes from graphene. Graphene has been deeply 
investigated since its isolation in 2004, all its physical properties seem to have been 
well studied by researchers. However, very recently, Y. Cao. et al.(48) observed an 
intrinsic unconventional superconductivity in a 2D superlattice created by stacking 
two monolayer graphene nanosheets twisted relative to each other by a small angle. 
Moreover, when the twist angle slightly changes, the band structure of the 2D 
superlattice exhibits flat bands near the zero Fermi energy, resulting in correlated 
Mott-like insulating states at half-filling(49). This discovery provides a promising 
system for studies of strongly correlated phenomena, which may help to gain insights 
into the physical principles of high critical temperature superconductors. 
Considering the large number of 2D crystals and their vast physical and chemical 
properties, it is certain that a substantial variety of heterostructures will be created. 
Although the current transfer method enables a straightforward way for stacking, the 
method is slow and cumbersome. Therefore, alternative techniques such as transfer 
of large-area nanosheets grown by CVD or direct layer by layer growth of 
heterostructures by CVD or MBE are being developed to realize the mass production 
of the vdW heterostructures in future. These methods currently have their own 
inevitable limitations and are still in the bud. Nevertheless, a large number of exciting 
research projects have already been carried out on vdW heterostructures. Given the 
fast development of graphene technology over the past decades(50, 51), we can 
anticipate similar progress in the research and applications of vdW heterostructures. 
 
1.3 VdW magnetic materials and spintronics based on vdW heterostructures 
The research on vdW 2D material systems has already led to the discovery of various 
novel physical phenomena. The application of 2D materials in various functional 
devices is very promising due to their outstanding properties and structures. Currently, 
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the electron charge degree of freedom is the main derivation for most of the functional 
devices, while the 2D spintronics based on vdW materials is still in infancy(52, 53). To 
develop these spintronic devices, the emergence of ferromagnetism in 2D regime is 
vital. Moreover, the realization of ferromagnetism in 2D vdW structures can combine 
with the rich electronics and optics and provide many possibilities for 2D magnetic, 
magneto-electric, and magneto-optic applications.  
According to the Mermin-Wagner theorem(54), the long-range magnetic order is hard 
to survive in two dimensional systems due to the existence of thermal fluctuations. 
Since the discovery of graphene, many efforts have been made to extrinsically induce 
magnetism in many vdW materials. These efforts can be classified in 3 methods: (i) 
Utilizing magnetic proximity effect. In this method, ultrathin non-magnetic vdW 
materials are put in direct contact with magnetic substrates(55); (ii) Introducing 
magnetic substances via substitution or intercalation(56); (iii) Defect engineering 
through vacancies, adatoms, grain boundaries or edges(57-60). From these relevant 
work, the chance to build long-range correlation between extrinsically introduced local 
magnetic moments through strong exchange interaction is very low and the magnetic 
responses resulted from the magnetic substrate through proximity effect are limited as 
well. In another way, searching for vdW materials which possesses intrinsic 
ferromagnetism is fundamental for understanding the physics of electronic and 
spintronic processes. Because the 2D ferromagnetism can be easily destroyed by 
thermal fluctuations, whether the long-range ferromagnetic order can exist in 2D 
system is a fundamental question. However, if magnetic anisotropy in the system is 
strong enough, the effect of thermal fluctuation can still be counteracted. A strong 
magnetic anisotropy can result in a spin-wave excitation gap, which is essential for the 
existence of long-range ferromagnetic order at finite temperatures.  
Very recently, 2D ferromagnetism has been observed in 2D vdW crystals Cr2Ge2Te6 
and CrI3 by two groups(23, 24). Though these two materials have low Curie 
temperatures, the discovery still encourages the realization of the 2D spintronics. 
Based on these novel results, the next step is to find vdW ferromagnetic materials with 
higher TC and larger coercivity. Moreover, since Cr2Ge2Te6 and CrI3 are both insulating 
materials, a metallic vdW ferromagnetic material is necessary for the realization of 
novel devices, such as the spintronic devices.  
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With the development of the science and technology, nanometer-size diodes and 
transistors can be incorporated into large integrated structures capable of performing 
vast tasks including logical operations and high-density information storage. Up to date, 
the manipulation of the charge of the electron still plays as the fundamental principle 
of operation for all devices. The possibility to utilize the electron spin, which is a 
quantum characteristic of the electrons, has been attracting more and more attention 
since the Moore’s law is reaching its limitation. The concept of utilizing spin in addition 
to charge in microelectronics is termed spintronics. The potential of providing ultimate 
logic bits makes spintronics an exciting field in physics, materials science and 
electronic engineering. Giant magnetoresistance (GMR)(61, 62), which progressed 
from discovery to applications (modern disk storage) within a decade, perfectly 
illustrates the impact of spintronics. By manipulating the electron charge and spin 
simultaneously, it is potential to build ultra-high speed and low-power electronic 
devices with enhanced functionality.  
To realize the spin-electronics or spintronics purposes, polarized spin should form in 
the devices. Hence, a magnetic metal possessing spin-polarized electrons should be 
an ideal candidate for the realization of spintronics. While the spin arrangement has 
been explored in conventional ferromagnetic materials, recent investigations of spin 
generation, spin relaxation and the spin-orbit coupling in the nonmagnetic materials, 
such as topological insulators and spin Hall systems, have provide new engines for 
the design and fabrication of novel spintronic devices. With the development and the 
discovery of new vdW ferromagnetic materials and systems, the vdW spintronics can 
bring out promising potential in both science and technology.  
Spintronics based on vdW ferromagnetic materials starts with the exploration on spin 
field effect transistor (SFT) more than two decades ago(63). A spin field transistor is 
based on a ferromagnetic (FM)/semiconductor (SC) heterojunction, as shown in the 
Fig 1a. In the SFT device, spin direction of the electrons confined in a high mobility 2D 
electron gas (2DEG) channel can be manipulated by the gate voltage. By controlling 
the spin alignment situation between the magnetization direction of the drain and the 
electrons distributed close to the drain, the on/off state of the transistor can be 
generated. Many FM/SC heterostructures have been fabricated and studied since the 
demonstration of the substantial spin accumulation and diffusion at the FM/SC 
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interface(64-66). Although an all electrical all semiconductor spin field effect transistor 
has recently been demonstrated, it can only be realized at a temperature of 300 mK 
with quantum ballistic point contacts(67). An ideal system with ferromagnetic source 
and spin sinking and a channel which can be easily gate tuned by high mobility 2D 
materials can pave the way for the implementation of room temperature SFT 
transistors. 
The discovery of 2D topological insulators(68-70) provides a new chance for the vdW 
spintronics. 2D topological insulator has an insulative bulk state and a conductive edge 
state with a pair of spin-up and spin-down currents due to the strong spin-momentum 
locking. Thus it can provide spin-polarized current without ferromagnetism. It is 
anticipated(71) that when a topological insulator is encapsulated by a ferromagnetic 
insulator with long-range order magnetism, one of its edge spin current, which is of a 
direction antiparallel to that of the ferromagnetic insulator, will be “cancelled” due to 
the magnetic field induced broken time-reversal symmetry, as shown in Fig. 1b. Hence, 
under this condition, a dissipative spin-polarized current with one spin direction can 
form on the edge. In summary, even though magnetic elements are uncommon in vdW 
materials, the potential of their combination with vdW ferromagnets offers a promising 
possibility toward the development of novel devices which possess logic and storage 
functions. 
 
Figure 1. Design of certain spintronic devices. (a) Schematic diagram of a 
spin field effect transistor. (b) Schematic diagram of the current distribution of 
a TI and TI sandwiched by FM layers with magnetization points upwards. The 
diagrams below indicate the spin down state is cancelled by the magnetization 
provided by the FM layers. 
a b 
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With recent discovery of vdW ferromagnets, CrI3(24) and Cr2Ge2Te6(23), some novel 
vdW spintronic devices have been fabricated and explored. D. Zhong et al.(72) created 
CrI3/WSe2 heterostructures and observed the control of spin and valley pseudospin in 
WSe2 with the flipping of the CrI3 magnetization.  T. Song et al.(73) and D. R. Klein et 
al.(74) fabricated multiple-spin-filter magnetic tunnel junctions based on atomically thin 
CrI3 (tunneling barrier) and graphene (contacts) and observed dramatically enhanced 
magnetoresistance with 19,000% at low temperature. Above all, with the discovery 
and development of vdW ferromagnetic materials, vdW spintronics has become a hot 
and promising field for the development of next generation computing devices. 
 
1.4 Plasmonic in vdW materials 
After the huge amount of exciting research work on graphene, the researchers are 
now diverting their attention to 2D semiconductors which have promising application 
prospect. Various 2D semiconductors of different classes have been investigated in 
recent years, such as transition-metal dichalcogenides(13, 75), black phosphorus(36) 
and silicene/germanene(76) etc. In daily lives, many widely used applications are 
based on the exploitation of the material’s unique and superior physical properties, 
such as superconductivity(77), spintronics(78) and plasmonic excitations(79, 80). As 
the current computing technology is mostly based on the ability to manipulate 
electrons, enriching the comprehension of electronic excitations is determinant for 
developing novel technologies. In particular, the field of plasmonics is undergoing 
prosperity with the recent progress in nanotechnology(81, 82).  
Surface plasmon polaritons (SPPs) are electromagnetic waves propagating along the 
interface between a conductor and a dielectric. Within 2D material regime, 2D 
semiconductor materials(79) are ideal fertile soil for the study of novel plasmonic 
devices. For instance, the 2D semiconductors can generate plasmons with longer 
lifetime which is electrically tunable as well(83, 84). This advantage indicates potential 
use of 2D semiconductors for technological applications. Moreover, in 2D 
semiconductor with small bandgap, excitation of interband single-particle excitations 
can generate plasmon damping at large momenta, while in gapless (graphene) or 
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small gap (MoS2 and black phosphorus ) 2D semiconductor system, the plasmons 
decay in electron-hole pairs via interband transitions(85).  
The achievable atomic thickness is another important advantage for the application of 
plasmonics in 2D semiconductors. However, the monolayer thickness contributes to a 
great challenge concerning the interaction with light which leads to the insufficient light 
emission and absorption. In response to this challenge, many novel experiments have 
been performed and interesting results have been observed. For instance, by 
depositing plasmonic noble-metal (Ag or Au) nanostructures on monolayer MoS2, an 
enhanced photoluminescence can be generated(86-88). The plasmonic 
nanostructures help to trap the light on the MoS2 surface and the field around the 
structure is also strengthened. Moreover, the photo-thermal effects also cause the 
increasing temperature at the irradiated nanoparticles and implies a structural phase 
transition in MoS2. Studies of plasmon enhanced photocurrent on metal-MoS2 
nanostructures shed light on the underlying physics in the generation of photocurrent 
in metal-semiconductor nanostructures, providing a new concept for fabricating future 
opto-electric devices via SPP in the field of vdW materials. 
Similar to MoS2, WTe2 is a promising TMDC material as well but has a larger bandgap. 
Monolayer WTe2 has been confirmed to be a 2D topological insulator recently(8-10). 
Except for novel topological properties, non-saturation magnetoresistance(7), 
ferroelectricity(22) and superconductivity(89, 90) have also been realized on WTe2, 
making it a star material in 2D material family. Moreover, WTe2 is experimentally 
demonstrated as a type II Weyl semimetal whose Fermi surface encloses both electron 
and hole pockets as well(91, 92). The prediction of SSP in Weyl semimetals(81) also 
come up with great attention. The pristine Weyl semimetals could generate 
nonreciprocal SPPs without external magnetic fields by using topological Weyl node 
separation(81). Exploring the SSP in the Weyl semimetal WTe2 should be a very 
interesting and promising work, as to date the experimental reports on surface 
plasmons in Weyl semimetals are scarce.  
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1.5 Motivation and outlook 
2D vdW materials have been receiving dramatic attention since the discovery of 
graphene. Moreover, the development of the transfer technique makes it possible to 
realize the vdW material based heterostructures without CVD, sputtering or MBE 
instruments. The transfer technique enables researchers to obtain heterostructures 
with ultraclean interfaces. As each layer is directly exfoliated from the high quality 
single crystal, the quality of each material level can be even better than the MBE grown 
ones. To date, studies on these materials have led to the observation of various novel 
optical and electronic properties, which greatly enrich the possibility of the vdW 
material based heterostructures. Though the exploration on optical and electronic 
properties of vdW material is very prosperous to date, experimental reports on 
magnetic properties of 2D vdW materials are still scarce. As magnetism is one of the 
most important part of the physics, studies on vdW magnetic materials are significant. 
Ferromagnetic vdW materials are interesting for their intrinsic magnetic properties and 
as the stacking layers of vdW magnetic heterostructures.  Together with the transfer 
technique, vdW ferromagnetic materials can be ideal building blocks for the design 
and fabrication of various novel devices.  
The recent experimental reports on the 2D material Cr2Ge2Te6(23) and CrI3(24) have 
confirmed their magnetic properties at monolayer or few layers. As Cr2Ge2Te6 is an 
insulator and CrI3 decomposes very easily in air, the research on them mainly focused 
on the magneto-optic experiment and tunneling resistance measurement(73, 74, 93). 
Transport measurements on nanoflakes of magnetic vdW materials are still nearly a 
white paper.  
Recently, ferromagnetism has been predicted and experimentally confirmed in several 
vdW compounds, such as VI3(94), CrCl3 (95) and CrSiTe3(96), etc. Among these 
materials, Fe3GeTe2 (FGT) is a promising candidate, which exhibits a higher Curie 
temperature (TC) near 230 K in its bulk state(97). Various experimental reports have 
shown that bulk single crystalline FGT has a ferromagnetic state with a very small 
MR/MS ratio and coercivity at all temperatures(96-101). Hence, FGT seems to have 
limited potential for stacking vdW magnetic heterostructures. However, the MR/MS ratio 
and coercivity of a magnetic material strongly depend on its domain structure(102-
104), which is related to the thickness of the material. This anticipation motivates us 
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to investigate the magnetic properties of exfoliated FGT nanoflakes of various 
thicknesses through anomalous Hall-effect based on electronic transport 
measurement. Moreover, after the confirmation of the vdW magnets with superior 
properties, we can design various spintronic devices based on them.  
One direction propagation is a fundamental premise for the application of the 
SPPs(105). In traditional metals, this nonreciprocal mode is only possible by applying 
an external magnetic field to break the time-reversal symmetry(106, 107). Due to the 
sizable nonreciprocity, the magnetic field have to be very large, which generates great 
challenges. However, for a Weyl semimetal, a nonreciprocal SPP may exist without 
any external magnetic field due to its topological Weyl node separation(81). Thus, the 
investigation on the SPPs in Weyl semimetals, such as WTe2, can help to find an 
alternative route to nonreciprocal modes and lead to extensive technological 
applications of Weyl semimetals in the field of plasmonics in future. 
 
1.6 Thesis outline 
This dissertation investigates the electron transport in vdW material Fe3GeTe2 and 
and optical measurements in vdW material WTe2. The background of vdW materials, 
vdW heterostructures, vdW ferromagnets and spintronics based on vdW 
heterostructures and plasmonics in vdW materials are introduced in chapter one. 
Three critical problems are identified, the search for a metallic vdW ferromagnet with 
superior magnetic properties, the design of spintronic devices based on vdW 
ferromagnet and investigation of SSP on a Weyl semimetal. Descriptions of the 
detailed steps in solving these problems during the author’s Ph.D. period (2015 to 
2019) are shown in the chapter two to chapter six. Chapter two introduces the material 
characterization methods. These methods form basic conditions to explore the vdW 
ferromagnet materials. Chapter three introduces the device fabrication methods. 
Electrode contact is the vital issue for the fabrication of electronic devices. The transfer 
technique is also introduced in chapter three, which contributes to the realization of 
spintronic devices. Moreover, the focused ion beam etching process is introduced in 
chapter three for the plasmonic devices and symmetric Hall bar structures. Chapter 
four introduces the transport measurement on the vdW ferromagnetic Fe3GeTe2. The 
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experiments demonstrate that the FGT has a high MR/MS ratio (~1) and a large 
coercivity (~6000 Oe). This solves the first problem which is finding an ideal vdW 
ferromagnet for stacking vdW spintronic heterostructures. The FGT devices were 
characterized and fabricated by the instruments and methods introduced in chapter 
two and chapter three. In chapter five, the author fabricated tri-layer spintronic devices 
FGT/graphite/FGT and performed the transport measurements. In chapter six, an SSP 
phenomenon on WTe2 crystal sheet is observed and discussed, indicating the 
potential application of relevant opto-electric devices in future. Based on the 
interesting and surprising phenomena shown by the FGT, FGT/graphite/FGT and 
WTe2, chapter seven will give a summary on the contribution of the work and an 
overview of future research directions and potential applications.          
 
References 
1. Novoselov KS, Mishchenko A, Carvalho A, Neto AC. 2D materials and van der Waals 
heterostructures. Science. 2016 Jul;353(6298):aac9439. 
2. Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y, Dubonos SV, et al. Electric field 
effect in atomically thin carbon films. Science. 2004 Oct;306(5696):666-9. 
3. Zhang Y, Tan Y-W, Stormer HL, Kim P. Experimental observation of the quantum Hall 
effect and Berry's phase in graphene. Nature. 2005 Nov;438(7065):201-4. 
4. Novoselov KS, Jiang D, Schedin F, Booth T, Khotkevich V, Morozov S, et al. Two-
dimensional atomic crystals. Proc Natl Acad Sci U S A. 2005 Jul;102(30):10451-3. 
5. Mag-isa AE, Kim J-H, Lee H-J, Oh C-S. A systematic exfoliation technique for isolating 
large and pristine samples of 2D materials. 2d Mater. 2015 Sep;2(3):034017. 
6. Huang Y, Sutter E, Shi NN, Zheng J, Yang T, Englund D, et al. Reliable exfoliation of large-
area high-quality flakes of graphene and other two-dimensional materials. ACS Nano. 2015 
Sep;9(11):10612-20. 
7. Ali MN, Xiong J, Flynn S, Tao J, Gibson QD, Schoop LM, et al. Large, non-saturating 
magnetoresistance in WTe2. Nature. 2014 Sep;514(7521):205-8. 
8. Tang S, Zhang C, Wong D, Pedramrazi Z, Tsai H-Z, Jia C, et al. Quantum spin Hall state in 
monolayer 1T'-WTe2. Nat Phys. 2017 Jun;13(7):683. 
17 
 
9. Fei Z, Palomaki T, Wu S, Zhao W, Cai X, Sun B, et al. Edge conduction in monolayer WTe2. 
Nat Phys. 2017 Apr;13(7):677-82. 
10. Wu S, Fatemi V, Gibson QD, Watanabe K, Taniguchi T, Cava RJ, et al. Observation of the 
quantum spin Hall effect up to 100 kelvin in a monolayer crystal. Science. 2018 
Jan;359(6371):76-9. 
11. Kim SJ, Choi K, Lee B, Kim Y, Hong BH. Materials for flexible, stretchable electronics: 
graphene and 2D materials. Annu Rev Mater Res. 2015 Jul;45:63-84. 
12. Fiori G, Bonaccorso F, Iannaccone G, Palacios T, Neumaier D, Seabaugh A, et al. 
Electronics based on two-dimensional materials. Nat Nanotechnol. 2014 Oct;9(10):768-79. 
13. Mak KF, Shan J. Photonics and optoelectronics of 2D semiconductor transition metal 
dichalcogenides. Nat Photonics. 2016 Mar;10(4):216-26. 
14. Eda G, Maier SA. Two-dimensional crystals: managing light for optoelectronics. ACS 
Nano. 2013 Jul;7(7):5660-5. 
15. Ameen TA, Ilatikhameneh H, Klimeck G, Rahman R. Few-layer phosphorene: an ideal 2D 
material for tunnel transistors. Sci Rep. 2016 Jun;6:28515. 
16. Tsai M-L, Su S-H, Chang J-K, Tsai D-S, Chen C-H, Wu C-I, et al. Monolayer MoS2 
heterojunction solar cells. ACS Nano. 2014 Jul;8(8):8317-22. 
17. Koppens F, Mueller T, Avouris P, Ferrari A, Vitiello M, Polini M. Photodetectors based 
on graphene, other two-dimensional materials and hybrid systems. Nat Nanotechnol. 2014 
Oct;9(10):780-93. 
18. Wang H, Yu L, Lee Y-H, Shi Y, Hsu A, Chin ML, et al. Integrated circuits based on bilayer 
MoS2 transistors. Nano Lett. 2012 Aug;12(9):4674-80. 
19. Thompson SE, Parthasarathy S. Moore's law: the future of Si microelectronics. Mater 
Today. 2006 Jun;9(6):20-5. 
20. Saito Y, Kasahara Y, Ye J, Iwasa Y, Nojima T. Metallic ground state in an ion-gated two-
dimensional superconductor. Science. 2015 Oct;350(6259):409-13. 
21. Xi X, Zhao L, Wang Z, Berger H, Forró L, Shan J, et al. Strongly enhanced charge-density-
wave order in monolayer NbSe2. Nat Nanotechnol. 2015 Jul;10(9):765-9. 
22. Zheng C, Yu L, Zhu L, Collins JL, Kim D, Lou Y, et al. Room temperature in-plane 
ferroelectricity in van der Waals In2Se3. Sci Adv. 2018 Jul;4(7):eaar7720. 
23. Gong C, Li L, Li Z, Ji H, Stern A, Xia Y, et al. Discovery of intrinsic ferromagnetism in 
two-dimensional van der Waals crystals. Nature. 2017 Apr;546(7657):265-9. 
18 
 
24. Huang B, Clark G, Navarro-Moratalla E, Klein DR, Cheng R, Seyler KL, et al. Layer-
dependent ferromagnetism in a van der Waals crystal down to the monolayer limit. Nature. 
2017 Jun;546(7657):270-3. 
25. Cai Z, Liu B, Zou X, Cheng H-M. Chemical vapor deposition growth and applications of 
two-dimensional materials and their heterostructures. Chem Rev. 2018 Jan;118(13):6091-133. 
26. Hall J, Pielić B, Murray C, Jolie W, Wekking T, Busse C, et al. Molecular beam epitaxy of 
quasi-freestanding transition metal disulphide monolayers on van der Waals substrates: a 
growth study. 2d Mat. 2018 Jan;5(2):025005. 
27. Geim AK, Grigorieva IV. Van der Waals heterostructures. Nature. 2013 
Jul;499(7459):419-25. 
28. Wang X, Xia F. Van der Waals heterostructures: Stacked 2D materials shed light. Nat 
Mater. 2015 Feb;14(3):264-5. 
29. Frisenda R, Navarro-Moratalla E, Gant P, De Lara DP, Jarillo-Herrero P, Gorbachev RV, 
et al. Recent progress in the assembly of nanodevices and van der Waals heterostructures by 
deterministic placement of 2D materials. Chem Soc Rev. 2018 Nov;47(1):53-68. 
30. Liu Y, Weiss NO, Duan X, Cheng H-C, Huang Y, Duan X. Van der Waals heterostructures 
and devices. Nat Rev Mater. 2016 Jul;1(9):16042. 
31. Dean CR, Young AF, Meric I, Lee C, Wang L, Sorgenfrei S, et al. Boron nitride substrates 
for high-quality graphene electronics. Nat Nanotechnol. 2010 Aug;5(10):722-6. 
32. Furchi MM, Pospischil A, Libisch F, Burgdörfer J, Mueller T. Photovoltaic effect in an 
electrically tunable van der Waals heterojunction. Nano Lett. 2014 Jul;14(8):4785-91. 
33. Haigh S, Gholinia A, Jalil R, Romani S, Britnell L, Elias D, et al. Cross-sectional imaging 
of individual layers and buried interfaces of graphene-based heterostructures and superlattices. 
Nat. Mater. 2012 Jul;11(9):764-7. 
34. Wang L, Meric I, Huang P, Gao Q, Gao Y, Tran H, et al. One-dimensional electrical contact 
to a two-dimensional material. Science. 2013 Nov;342(6158):614-7. 
35. Cao Y, Mishchenko A, Yu G, Khestanova E, Rooney A, Prestat E, et al. Quality 
heterostructures from two-dimensional crystals unstable in air by their assembly in inert 
atmosphere. Nano Lett. 2015 Feb;15(8):4914-21. 
36. Li L, Yu Y, Ye GJ, Ge Q, Ou X, Wu H, et al. Black phosphorus field-effect transistors. 
Nat. Nanotechnol. 2014 Mar;9(5):372-7. 
37. Li L, Yang F, Ye GJ, Zhang Z, Zhu Z, Lou W, et al. Quantum Hall effect in black 
phosphorus two-dimensional electron system. Nat. Nanotechnol. 2016 Mar;11(7):593-7. 
19 
 
38. Meric I, Dean C, Young A, Hone J, Kim P, Shepard KL. Graphene field-effect transistors 
based on boron nitride gate dielectrics. 2010 International Electron Devices Meeting; 2010 Dec 
6-8; San Francisco, USA. Proceedings of the IEEE 101(7):1609-19. 
39. Ponomarenko LA, Geim AK, Zhukov A, Jalil R, Morozov SV, Novoselov KS, et al. 
Tunable metal–insulator transition in double-layer graphene heterostructures. Nat Phys. 2011 
Oct;7(12):958-61. 
40. Lee G-H, Yu Y-J, Cui X, Petrone N, Lee C-H, Choi MS, et al. Flexible and transparent 
MoS2 field-effect transistors on hexagonal boron nitride-graphene heterostructures. ACS Nano. 
2013 Aug;7(9):7931-6. 
41. Allain A, Kang J, Banerjee K, Kis A. Electrical contacts to two-dimensional 
semiconductors. Nat Mater. 2015 Nov;14(12):1195-205. 
42. Xu S, Wu Z, Lu H, Han Y, Long G, Chen X, et al. Universal low-temperature Ohmic 
contacts for quantum transport in transition metal dichalcogenides. 2d Mater. 2016 
Apr;3(2):021007. 
43. Chen X, Wu Y, Wu Z, Han Y, Xu S, Wang L, et al. High-quality sandwiched black 
phosphorus heterostructure and its quantum oscillations. Nat Commun. 2015 Jun;6:7315. 
44. Bonaccorso F, Lombardo A, Hasan T, Sun Z, Colombo L, Ferrari AC. Production and 
processing of graphene and 2d crystals. Mater Today. 2012 Dec;15(12):564-89. 
45. Cui X, Lee G-H, Kim YD, Arefe G, Huang PY, Lee C-H, et al. Multi-terminal transport 
measurements of MoS2 using a van der Waals heterostructure device platform. Nat 
Nanotechnol. 2015 Apr;10(6):534-40. 
46. Hong X, Kim J, Shi S-F, Zhang Y, Jin C, Sun Y, et al. Ultrafast charge transfer in atomically 
thin MoS2/WS2 heterostructures. Nat Nanotechnol. 2014 Aug;9(9):682-6. 
47. Bellus MZ, Ceballos F, Chiu H-Y, Zhao H. Tightly bound trions in transition metal 
dichalcogenide heterostructures. ACS Nano. 2015 Jun;9(6):6459-64. 
48. Cao Y, Fatemi V, Fang S, Watanabe K, Taniguchi T, Kaxiras E, et al. Unconventional 
superconductivity in magic-angle graphene superlattices. Nature. 2018 Mar;556(7699):43. 
49. Cao Y, Fatemi V, Demir A, Fang S, Tomarken SL, Luo JY, et al. Correlated insulator 
behaviour at half-filling in magic-angle graphene superlattices. Nature. 2018 
Mar;556(7699):80. 
50. Novoselov KS, Fal VI, Colombo L, Gellert PP, Schwab MG, Kim K. A roadmap for 
graphene. Nature. 2012 Oct;490(7419):192-200. 
20 
 
51. Das S, Robinson JA, Dubey M, Terrones H, Terrones M. Beyond graphene: progress in 
novel two-dimensional materials and van der Waals solids. Annu Rev Mater Res. 2015 
May;45:1-27. 
52. Han W. Perspectives for spintronics in 2D materials. APL Mater. 2016 Feb;4(3):032401. 
53. Pesin D, MacDonald AH. Spintronics and pseudospintronics in graphene and topological 
insulators. Nat Mater. 2012 Apr;11(5):409-16. 
54. Mermin ND, Wagner H. Absence of ferromagnetism or antiferromagnetism in one-or two-
dimensional isotropic Heisenberg models. Phys Rev Lett. 1966 Nov;17(22):1133. 
55. Wang Z, Tang C, Sachs R, Barlas Y, Shi J. Proximity-induced ferromagnetism in graphene 
revealed by the anomalous Hall effect. Phys Rev Lett. 2015 Jan;114(1):016603. 
56. Choi YH, Jo NH, Lee KJ, Yoon JB, You CY, Jung MH. Transport and magnetic properties 
of Cr-, Fe-, Cu-doped topological insulators. J Appl Phys. 2011 Mar;109(7):07E312. 
57. Ugeda MM, Brihuega I, Guinea F, Gómez-Rodríguez JM. Missing atom as a source of 
carbon magnetism. Phys Rev Lett. 2010;104(9):096804. 
58. McCreary KM, Swartz AG, Han W, Fabian J, Kawakami RK. Magnetic moment formation 
in graphene detected by scattering of pure spin currents. Phys Rev Lett. 2012 
Nov;109(18):186604. 
59. Červenka J, Katsnelson MI, Flipse CFJ. Room-temperature ferromagnetism in graphite 
driven by two-dimensional networks of point defects. Nat Phys. 2009 Oct;5(11):840-4. 
60. González-Herrero H, Gómez-Rodríguez JM, Mallet P, Moaied M, Palacios JJ, Salgado C, 
et al. Atomic-scale control of graphene magnetism by using hydrogen atoms. Science. 2016 
Apr;352(6284):437-41. 
61. Binasch G, Grünberg P, Saurenbach F, Zinn W. Enhanced magnetoresistance in layered 
magnetic structures with antiferromagnetic interlayer exchange. Phys Rev B. 1989 
Mar;39(7):4828(R). 
62. Baibich MN, Broto JM, Fert A, Van Dau FN, Petroff F, Etienne P, et al. Giant 
magnetoresistance of (001) Fe/(001) Cr magnetic superlattices. Phys Rev Lett. 1988 
Nov;61(21):2472-5. 
63. Datta S, Das B. Electronic analog of the electro‐optic modulator. Appl Phys Lett. 1990 
Jun;56(7):665-7. 
64. Koo HC, Kwon JH, Eom J, Chang J, Han SH, Johnson M. Control of spin precession in a 
spin-injected field effect transistor. Science. 2009 Sep;325(5947):1515-8. 
65. Yan W, Txoperena O, Llopis R, Dery H, Hueso LE, Casanova F. A two-dimensional spin 
field-effect switch. Nat Commun. 2016 Nov;7:13372. 
21 
 
66. Monsma DJ, Lodder JC, Popma TJA, Dieny B. Perpendicular hot electron spin-valve effect 
in a new magnetic field sensor: The spin-valve transistor. Phys Rev Lett. 1995 
Jun;74(26):5260-3. 
67. Chuang P, Ho S-C, Smith LW, Sfigakis F, Pepper M, Chen C-H, et al. All-electric all-
semiconductor spin field-effect transistors. Nat Nanotechnol. 2015 Dec;10(1):35-9. 
68. Haldane FDM. Model for a quantum Hall effect without Landau levels: Condensed-matter 
realization of the" parity anomaly". Phys Rev Lett. 1988 Oct;61(18):2015-8. 
69. Kane CL, Mele EJ. Z2 topological order and the quantum spin Hall effect. Phys Rev Lett. 
2005 Sep;95(14):146802. 
70. König M, Wiedmann S, Brüne C, Roth A, Buhmann H, Molenkamp LW, et al. Quantum 
spin Hall insulator state in HgTe quantum wells. Science. 2007 Nov;318(5851):766-70. 
71. Weng H, Yu R, Hu X, Dai X, Fang Z. Quantum anomalous Hall effect and related 
topological electronic states. Adv Phys. 2015;64(3):227-82. 
72. Zhong D, Seyler KL, Linpeng X, Cheng R, Sivadas N, Huang B, et al. Van der Waals 
engineering of ferromagnetic semiconductor heterostructures for spin and valleytronics. Sci 
Adv. 2017 May;3(5):e1603113. 
73. Klein DR, MacNeill D, Lado JL, Soriano D, Navarro-Moratalla E, Watanabe K, et al. 
Probing magnetism in 2D van der Waals crystalline insulators via electron tunneling. Science. 
2018 Jun;360(6394):1218-22. 
74. Song T, Cai X, Tu MW-Y, Zhang X, Huang B, Wilson NP, et al. Giant tunneling 
magnetoresistance in spin-filter van der Waals heterostructures. Science. 2018 
Jun;360(6394):1214-8. 
75. Wang QH, Kalantar-Zadeh K, Kis A, Coleman JN, Strano MS. Electronics and 
optoelectronics of two-dimensional transition metal dichalcogenides. Nat Nanotechnol. 2012 
Nov;7(11):699-712. 
76. Zhu J, Chroneos A, Schwingenschlögl U. Silicene/germanene on MgX2 (X= Cl, Br, and I) 
for Li-ion battery applications. Nanoscale. 2016 Apr;8(13):7272-7. 
77. Xiao L, Lin L. Recent progress of power application of superconductor in China. IEEE 
Trans Appl Supercond. 2007 Apr;17(2):2355-60. 
78. Pulizzi F. Spintronics. Nat Mater. 2012 Apr;11:367. 
79. Agarwal A, Vitiello MS, Viti L, Cupolillo A, Politano A. Plasmonics with two-dimensional 
semiconductors: from basic research to technological applications. Nanoscale. 2018 
May;10(19):8938-46. 
22 
 
80. Zouhdi S, Sihvola A, Vinogradov AP. Metamaterials and plasmonics: fundamentals, 
modelling, applications. Springer Science & Business Media; 2008. 
81. Hofmann J, Sarma SD. Surface plasmon polaritons in topological Weyl semimetals. Phys 
Rev B. 2016 Jun;93(24):241402. 
82. Sharma J, Imae T. Recent advances in fabrication of anisotropic metallic nanostructures. J 
Nanosci Nanotechnol. 2009 Jan;9(1):19-40. 
83. Woessner A, Lundeberg MB, Gao Y, Principi A, Alonso-González P, Carrega M, et al. 
Highly confined low-loss plasmons in graphene–boron nitride heterostructures. Nat Mater. 
2015 Dec;14(4):421-5. 
84. Chang H-R, Zhou J, Zhang H, Yao Y. Probing the topological phase transition via density 
oscillations in silicene and germanene. Phys Rev B. 2014 May;89(20):201411. 
85. Hwang EH, Sarma SD. Dielectric function, screening, and plasmons in two-dimensional 
graphene. Phys Rev B. 2007 May;75(20):205418. 
86. Najmaei S, Mlayah A, Arbouet A, Girard C, Léotin J, Lou J. Plasmonic pumping of 
excitonic photoluminescence in hybrid MoS2–Au nanostructures. ACS Nano. 2014 
Dec;8(12):12682-9. 
87. Sobhani A, Lauchner A, Najmaei S, Ayala-Orozco C, Wen F, Lou J, et al. Enhancing the 
photocurrent and photoluminescence of single crystal monolayer MoS2 with resonant 
plasmonic nanoshells. Appl Phys Lett. 2014 Jan;104(3):031112. 
88. Butun S, Tongay S, Aydin K. Enhanced light emission from large-area monolayer MoS2 
using plasmonic nanodisc arrays. Nano Lett. 2015 Mar;15(4):2700-4. 
89. Sajadi E, Palomaki T, Fei Z, Zhao W, Bement P, Olsen C, et al. Gate-induced 
superconductivity in a monolayer topological insulator. Science. 2018 Nov;362(6417):922-5. 
90. Fatemi V, Wu S, Cao Y, Bretheau L, Gibson QD, Watanabe K, et al. Electrically tunable 
low-density superconductivity in a monolayer topological insulator. Science. 2018 
Oct;362(6417):926-9. 
91. Li P, Wen Y, He X, Zhang Q, Xia C, Yu Z-M, et al. Evidence for topological type-II Weyl 
semimetal WTe2. Nat Commun. 2017 Dec;8(1):2150. 
92. Wu Y, Mou D, Jo NH, Sun K, Huang L, Bud'Ko S, et al. Observation of Fermi arcs in the 
type-II Weyl semimetal candidate WTe2. Phys Rev B. 2016 Sep;94(12):121113. 
93. Lee S, Choi K-Y, Lee S, Park BH, Park J-G. Tunneling transport of mono-and few-layers 
magnetic van der Waals MnPS3. APL Mater. 2016 Aug;4(8):086108. 
94. Son S, Coak MJ, Lee N, Kim J, Kim TY, Hamidov H, et al. Bulk properties of the van der 
Waals hard ferromagnet VI3. Phys Rev B. 2019 Jan;99(4):041402. 
23 
 
95. Wang H, Eyert V, Schwingenschlögl U. Electronic structure and magnetic ordering of the 
semiconducting chromium trihalides CrCl3, CrBr3, and CrI3. J Phys Condens Matter. 2011 
Mar;23(11):116003. 
96. Liu B, Zou Y, Zhang L, Zhou S, Wang Z, Wang W, et al. Critical behavior of the quasi-
two-dimensional semiconducting ferromagnet CrSiTe3. Sci Rep. 2016 Sep;6:33873. 
97. León-Brito N, Bauer ED, Ronning F, Thompson JD, Movshovich R. Magnetic 
microstructure and magnetic properties of uniaxial itinerant ferromagnet Fe3GeTe2. J Appl 
Phys. 2016;120(8):083903. 
98. May AF, Calder S, Cantoni C, Cao H, McGuire MA. Magnetic structure and phase stability 
of the van der Waals bonded ferromagnet Fe3− xGeTe2. Phys Rev B. 2016 May;93(1):014411. 
99. Zhu J-X, Janoschek M, Chaves D, Cezar J, Durakiewicz T, Ronning F, et al. Electronic 
correlation and magnetism in the ferromagnetic metal Fe3GeTe2. Phys Rev B. 2016 
Apr;93(14):144404. 
100. Liu Y, Ivanovski VN, Petrovic C. Critical behavior of the van der Waals bonded 
ferromagnet Fe3− xGeTe2. Phys Rev B. 2017 Oct;96(14):144429. 
101. Deiseroth H-J, Aleksandrov K, Reiner C, Kienle L, Kremer RK. Fe3GeTe2 and Ni3GeTe2–
Two new layered transition‐metal compounds: crystal structures, HRTEM investigations, and 
magnetic and electrical properties. Eur J Inorg Chem. 2006 Apr;2006(8):1561-7. 
102. Skomski R, Oepen H-P, Kirschner J. Micromagnetics of ultrathin films with perpendicular 
magnetic anisotropy. Physical Review B. 1998;58(6):3223. 
103. Bertotti G. Hysteresis in magnetism: for physicists, materials scientists, and engineers. 
Academic press; 1998. 
104. Robert CO, Handley O. Modern magnetic materials: principles and applications. New 
York: Ed John Wiley & Sons, Inc; 2000. 
105. Barnes WL, Dereux A, Ebbesen TW. Surface plasmon subwavelength optics. Nature. 
2003 Aug;424(6950):824-30. 
106. Wallis R, Brion J, Burstein E, Hartstein A. Theory of surface polaritons in anisotropic 
dielectric media with application to surface magnetoplasmons in semiconductors. Phys Rev B. 
1974 Apr;9(8):3424. 
107. Chiu KW, Quinn JJ. Magneto-plasma surface waves in solids. II Nuovo Cimento B (1971-
1996). 1972 May;10(1):1-20. 
 
 
24 
 
Chapter 2  
Material characterization   
2.1 Optical microscopy 
Optical microscopes are the oldest and the most basic design of microscope. An 
optical microscope utilizes visible light and series of lenses to obtain the magnified 
images of tiny objects. Due to the simplicity of the optical microscope, it is very 
convenient for a quick observation of the vdW nanoflakes. The theoretical resolution 
limit of an optical microscopy is about 200 nanometers. However, this maximum 
resolution is rarely realized due to the limitations of the brightness, contrast, specimen 
type and quality of the optical path. As all the nanoflakes in this dissertation were 
obtained through the mechanical exfoliation and the typical sizes of these nanoflakes 
are more than 5 m, the optical microscope can serve as the fastest way to search 
and locate the desired nanoflakes on a piece of wafer.  
In this section, graphene nanoflakes are used to illustrate the sample characterization 
carried out by optical microscope. A monolayer or few-layer nanoflake of a 2D material 
is normally no more than 2 nm in thickness and is commonly invisible due to its 
transparency. Despite of this, the visibility of the ultrathin nanoflakes can still be greatly 
enhanced by changing the interference colour of reflected light from the nanoflakes 
with respect to the empty substrate. Therefore, it is important to choose a substrate 
which can provide better contrast for the transparent nanoflakes.  
Up to date, the most popular substrate surface in the research regime of vdW material 
is a silicon wafer with top layer composed of silicon dioxide. It has been shown that 
300 nm thick SiO2 layer gives graphene a higher contrast under white light(1), as 
shown in the Fig. 2b. The SiO2/Si substrate (with Si layer p++ doped) behaves as 
purple-to-violet in colour, but a 5% change in the SiO2 thickness (to 315 nm) can 
significantly reduce the contrast(1, 2). Moreover, according to author’s experiment, the 
visibility of graphene can strongly vary from one instrument to another (as shown in 
Fig. 2c). It is also reported by other groups that cheaper cameras are more likely to do 
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extensive post-processing of images in firmware or software that can enhance the 
contrast(1). With an enhanced contrast, the difference between the imaging of few 
layer nanoflakes, such as monolayer and bilayer, can be enhanced as well. Based on 
this fact, the thickness of few-layer vdW nanoflakes which are sensitive to oxygen 
(such as CrI3 and WTe2 nanoflakes) can be directly identified by an optical microscope 
setup in an O2-free glove box(3, 4), which greatly saves the time and cost of the 
experiment.  
  
Figure 2．Optical microscope and optical images of nanoflakes. (a) Photo of an Olympus 
BX53TM optical microscope used during the author’s PhD. A typical optical microscope is 
always equipped with eyepieces, objective lens, sample stage and light sources. (b) Thin 
graphene nanoflakes on 300 nm SiO2/Si substrates. The nanoflakes look clear with good 
contrast and the layers of nanoflakes can be roughly identified due to the good contrast. The 
scale bar represents 10 m. (c) Images of the same WTe2 nanoflakes taken by 2 different 
optical microscopes with different cameras. The scale bars represent 5 m. 
Eye 
piece 
Objective 
lens 
Sample 
stage 
a b 
c 
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2.2 Scanning electron microscopy 
In a scanning electron microscope (SEM), an electron beam, instead of visible light, is 
used for taking the magnified images of samples(5). The electron beam is focused by 
utilizing a series of electromagnetic lenses as shown in Fig. 3b. The specimen should 
be specially prepared to have a conductive surface and then be loaded into a chamber 
with high vacuum (~10-6 Torr). When a focused electron beam is scanning the sample 
surface, various signals, which contain information of sample’s surface topography 
and composition, are produced due to the interaction between the ejected electrons 
and the atoms in the sample(6). The electrons scattered from the sample are collected 
by a photomultiplier to reconstruct an image on either a monitor or a fluorescence 
screen. Compared with an optical microscope, an SEM can achieve a much higher 
resolution better than 1 nm(7).  
Various types of signals can be produced when the induced electron beam interact 
with atoms at various depths within the sample. For the author’s work, two kinds of 
signals, secondary electrons signal and characteristic X-rays signal are essential. 
Secondary electrons are produced and emitted from the depth very close to the 
surface of the sample. This signal indicates the topography of the sample at high 
resolution. Moreover, based on the secondary electron image, the size of the sample, 
such as a micron-scale device, can be precisely measured. The topography of high 
resolution provided by the secondary electrons also enables and benefits the e-beam 
lithography technique presented later in chapter 3. When an electron beam scans the 
sample, some inner shell electrons can be removed from the sample atoms and 
thereby electrons of higher-energy will fill these shells and release energy by emitting 
characteristic X-rays. The features of these characteristic X-rays, such as energy and 
wavelength, can be detected by energy-dispersive X-ray spectroscopy (EDX) to 
identify types and abundance of the elements in the sample(6). The EDX is commonly 
used in author’s experiments to confirm the purity and cleanliness of the single crystal 
and devices.  
SEM is a very useful instruments for various work, such as EDX, e-beam lithography(8) 
and focused ion beam(9). Most of the author’s work utilized an FEI Nova NanoSEMTM, 
as shown in the Fig. 3a.  
27 
 
 
2.3 Atomic Force Microscopy 
Atomic force microscopy (AFM) can perform 3D profiling of the sample surfaces by 
scanning a sharp probe across the sample surface. The AFM probe is the core part of 
the AFM, it has a sharp tip at the end of a flexible cantilever which is secured by a 
plate called a holder chip, as shown in Fig. 4b. The tip always has a height of around 
5 microns with a diameter of no more than 10 nm at the top. The tip is positioned at 
the end of a 100 to 200 μm long cantilever. In an AFM system, the probe is put onto a 
chip holder and the chip holder is mounted on a piezoelectric scanner. The 
piezoelectric scanner can move in x, y and z directions with tiny steps. When doing 
the raster scan across the sample, a beam is put on and reflected by the cantilever 
and goes into a sensitive photodiode array. The cantilever deflections can indicate 
movement of the tip (z direction) when it’s scanning the sample surface. By recording 
the height as a function of the x and y positions of the sample surface, a three-
dimensional image can be reconstructed by a computer.     
a b 
Figure 3. Photo of SEM and its working principle. (a) Photo of the 
FEI Nova NanoSEMTM. The author used this SEM for imaging and e-
beam lithography during the PhD. (b) Standard structure of the SEM, it 
basically consists of a group of apertures for e-beam focusing, sample 
holder and secondary electron detector. The figure comes from 
reference (5). 
28 
 
 
Additionally, the detector system can also send a feedback to the system, by which 
the piezoelectric scanner can keep a constant force or a constant height (deflection) 
between the top of the tip and the sample surface. This mechanism generated different 
imaging modes. In the author’s experiment, three AFM modes are normally used for 
different purposes: 
i) Contact mode AFM: 
In this mode, the tip-sample distance is normally kept at less than 0.5nm. The tiny gap 
leads to a repulsive force (also a van der Waals force). By maintaining a constant 
cantilever deflection, which is achieved by the feedback system, the force between the 
tip and the sample can stay at a relatively constant value and allows the surface 
topology to be obtained. Because the tip-sample distance is very small when 
operating, it can sometimes scratch and damage the sample surface, as shown in Fig. 
4c. However, if the force is carefully and precisely controlled, the tip can be used to 
remove the dirty stuff on the vdW nanoflakes’ surfaces(10).  
ii) Tapping mode AFM: 
Under the tapping mode, the cantilever oscillates at its resonant frequency with 
distance of around 0.5~2 nm between the tip and the sample. Unlike the contact mode, 
a constant oscillation amplitude is maintained for the tapping mode, which leads to a 
constant tip-sample distance. This mode can benefit for the high-resolution topography 
detection of the sensitive sample due to the larger tip-sample distance. 
iii) ScanAsyst® mode AFM 
ScanAsyst® mode can be simply regarded as a combination of contact and tapping 
mode. Peak-force tapping is the core technology for this mode. While the tip is 
operating, it oscillates at a rate much lower than the resonance of the probe in the Z-
axis direction(10). The interaction force between tip and sample surface is recorded 
when the tip taps the sample periodically. The peak force of each tap is recorded by 
the feedback system and is used in each tap to maintain a constant force during the 
scan. Because this mode uses a real-time force interaction pattern analysis algorithm 
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which removes parasitic deflection, the signal-to-noise ratio of the interaction force 
control can be better(11).  
In this project, a Bruker Dimension Icon® AFM is used as the imaging tool to inspect 
the surface topography and the height profile of vdW nanoflakes. The cleanliness of 
the nanoflakes’ surfaces and the heterostructures’ interlayers can also be identified 
(Fig. 4d).  
 
2.4 Physical property measurement system 
Transport measurements, namely quantum transport measurements, are widely 
performed in characterizing new materials and devices for emerging quantum 
technology. Physicists have long used standard electrical transport measurements 
Figure 4. Information of atomic force microscopy. (a) Photo of a Bruker Dimension 
Icon® AFM the author used during the PhD. (b) SEM image of the AFM chip, cantilever 
and tip. The picture is from reference (11). (c) Effect of the contact mode on fragile 
sample. The section in the red loop (5 nm thick Pt electrode) was broken by the strong 
force from the AFM tip. (d) AFM images of heterostructures with curvatures (left) and 
bubbles trapped in interlayer (right). 
a b 
c 
d 
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such as resistivity, magnetoresistance and Hall effect to obtain information on the 
electronic properties and structures of different materials(12). With the spring up of the 
2D materials, transport measurement has become a main and popular method for 
exploring the novel physics exist in the relevant material systems. A standard Hall 
effect transport measurement requires 2 conditions, low temperature and high 
magnetic field(13). In this thesis, all the transport measurements are done by a 
Physical Property Measurement System (PPMS), as shown in Fig. 5a. It is a platform 
which is designed to perform a variety of automated measurements based on variable 
temperatures and magnetic fields. PPMS can provide magnetic fields up to ±9 tesla 
and a temperature range of 1.8 ~ 400 K. The first two parts introduce the principles of 
the temperature and magnetic field control of the PPMS system. The third part shows 
the details of the electron transport measurement.   
 
2.4.1 PPMS temperature control 
Traditionally, low temperature can be achieved by Helium (He) liquefier which can 
reach a temperature of around 4.2 K and even reach 100 mK level with He-3. However, 
for a traditional Helium liquefier, the cooling down time is always very long and the 
temperature stabilization stays a big issue. Moreover, traditional Helium liquefier is 
very He-consuming, especially when the whole system is cooling down from the warm 
state. As the liquid He is quite expensive, some systems are designed to enable the 
He recirculation at room temperature. Wearing a nitrogen jacket to conserve the He is 
another universal choice. 
The cryo-cooler unit of PPMS consists of a cold head and a compressor. The cold 
head is a closed-cycle, Gifford-McMahon style(14) cryo-refrigerator. The compressor 
provides the high pressure He (around 1.5 MPa) and power for the cold head. The 
cold head use the high pressure He as the working gas and can cool down the 
condenser and the dewar shield without extra liquid He. Though the cold head keeps 
on vibrating while running, the acoustic noise in the dewar is ignorable in PPMS 
measurements. Because the cold head is supported by an attenuation flange, the 
vibrations are greatly blocked(15). To cool down the PPMS, the cold head firstly make 
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the temperature of the dewar shield decrease to around 4.2 K, then the liquid He is 
filled into the dewar to finish the cool down procedure.  
When the PPMS dewar is filled with He, the dewar pressure (He gas pressure) is 
stabilized by controlling the speed of the cryo-cooler. The normal operating pressure 
inside the dewar is 3 kPa above ambient pressure. Therefore, the He gas can mostly 
recirculate in the dewer, which greatly save the He. The helium gas in the cryo-cooler 
is totally separated from the helium in the dewar. 
 
2.4.2 PPMS magnetic field control 
A well-cool down system and high current sustainability are the two main factors for a 
traditional electric magnet to generate a high field. The generation of high thermal 
energy makes the traditional electric magnet fragile and power-consuming. Different 
from the electric magnet, the PPMS system uses a superconductive magnet(16, 17), 
the heater under the magnet (shown in Fig. 5b) can heat/cool the magnet to make it 
switch between super- and normal-conductive state. The switchable conductive states 
lead to the two end modes for the magnet: persistent mode and driven mode. In 
persistent mode, the magnet is set in superconducting state with both the heater and 
magnet power supply in off state after the field reaches the set value. Persistent mode 
is the default end mode of the magnet. Driven mode put the magnet in normal 
conductor mode and make the power supply of the magnet continue to send current 
to the magnet when the field changes to the set value, as shown in Fig. 5c. Though 
magnet can sustain higher current under the superconductive state, too high current 
can still make the magnet quench. Moreover, if the magnetic field approaches the set 
value at a large speed for too long time, the magnet, which is in normal conductive 
mode during the procedure, can also suffer from quench. 
 
2.4.3 Measurement details 
In this thesis, four-wire method is always utilized measure a device attached to the 
sample puck. This method can greatly reduce the effect of the resistance of leads and 
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joints on the resistance measurement. In a standard four-wire resistance 
measurement(18), a current is passed through a sample via the source and drain 
electrodes, and two separate voltage leads measure the potential difference of the 
sample (Fig. 5d). In theory, an ideal voltmeter draws no current, while the real 
voltmeter setup in PPMS has a very high impedance which draw ignorable current 
when the sample resistance is not very high. Therefore, by reading the current and the 
voltage drop across the sample, the resistance value between the 2 voltage leads can 
be calculated with Ohm’s law. 
In the PPMS system, four-wire method is the default measurement method for 
resistance measurement(19). After each measurement, an identical current is applied 
to an appropriate calibration resistor and the potential drop across the resistor is 
measured. This operation helps provide an adjustment factor for recalculating the 
resistance of the sample, which greatly decreases the hardware linearity errors, drift, 
and offset errors. Moreover, when doing the measurement, each data point is counted 
by averaging 25 (or more) dynamically measured data points. 
For the current source, the system provides two choices, alternating current (AC) and 
direct current (DC) modes(19). In AC mode, a DC excitation is applied to the sample 
and the potential drop across the sample is recorded, and then the system reverses 
the current and reads the potential drop again, as shown in Fig. 5d. Finally, the system 
averages the absolute values of the voltage readings under the two different current 
directions and gets a precise value. As shown in Fig. 5d, the AC excitation is a square-
wave excitation of around 7.5 Hz which is synchronized to the AC line frequency of 60 
Hz to avoid external noise. Thus, the AC mode can realize voltage readings in higher 
precision, while the system can only average two consecutive voltage readings with 
the same polarity in DC mode.  
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2.5 Microspectrophotometry 
Microspectrophotometry can provide a spectrum of microscopic samples illuminated 
by electromagnetic radiation of different wavelengths, such as ultraviolet light, visible 
Figure 5. Schematic diagrams and working principles of PPMS. (a) Photo 
of a QuantumDesign EverCool II ® PPMS set up in author’s lab. (b) The cross-
sectional diagram for PPMS probe at bottom. The PPMS probe is setup in the 
red column position in figure a. The picture is from the reference (15). (c) 
Comparison between two magnet modes in PPMS. It takes around 20 seconds 
to switch between the two modes. The picture is from the reference (17). (d) 
Current vs time figures for DC and AC modes and the typical circuit diagram for 
the 4-terminal contact measurement. 
a b 
c d 
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light, and near infrared light. A microspectrophotometer can measure reflectance, 
transmittance, absorbance, fluorescence and polarization of sample which can be as 
small as one micrometer in dimension via a modified optical microscope. In the 
author's experiment, the measurement of the absorption spectrum is the main point. 
The principle of microspectrophotometry is based on the spectroscopy. Spectroscopy 
focuses on the field of quantum energy transfers between radiation and matter. 
According to the Einstein-Planck relationship, the energy of light is directly related to 
its wavelength: 
E = hν =
ℎ𝑐
𝜆
 
where E is the energy of the photon, h is Planck's constant,  is the frequency of the 
photon, c is the light speed and  is the wavelength of the photon. From this 
relationship, the electromagnetic energy of a photon is proportional to its frequency. 
Therefore, photons of different wavelengths possess different energies and can 
generate different interactions with molecules. An electron can be excited to a higher 
energy level when its parent molecule absorbs a photon of appropriate energy, which 
is the so-called energy level diagram(20).     
For an absorbed photon, its energy is the same as the energy difference between the 
ground state and the excited state. Moreover, the energy levels of the molecules are 
dependent on the atoms’ type and the bonding between atoms. Therefore, the 
microspectrophotometry can measure the optical absorption spectra of samples in 
micron scale size. Additionally, measurements by microspectrophotometry can be 
carried out without damaging the samples. 
During author’s PhD, a CRAICTM UV-Visible-NIR microspectrophotometer is used to 
observe the absorption spectral range for plasmonic excitation (which is later 
converted into reflection spectrum), the instrument enables a wavelength ranging from 
80 cm-1 to 2100 cm-1. 
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Chapter 3  
Device fabrication techniques 
3.1 Mechanical exfoliation 
This section introduces a universal method to obtain nanoflakes from the bulk single 
crystal of vdW materials, namely mechanical exfoliation. Part one introduces a basic 
process to achieve thin graphene nanoflakes from a graphite crystal by Scotch tape. 
Part two discusses the optimized methods to achieve larger, thinner (especially 
monolayer) and residue-free nanoflakes. Mechanical exfoliation is a traditional method 
to prepare nanosheets from vdW materials by using tapes. This method utilizes the 
mechanical force of the tape to weaken the interlayer vdW force in the bulk single 
crystal. As crystal-wafer force and tape-crystal force cannot compete with the in-plane 
covalence force, mono- or multi-layer nanoflakes of more than 10 m2 size can be 
obtained. When doing the exfoliation, the bulk crystal is firstly brought into contact with 
the bonding surface of the tape, then the nanosheet is peeled off using the bonding 
surface of another tape. This process can be repeated several times to obtain 
nanosheets of suitable thicknesses. The newly peeled sheet on the tape can be 
brought into contact with a clean, flat surface and rubbed onto the substrate by tools 
such as Q-tips. Finally, a large number of nanosheets with various thicknesses will 
remain on the substrate. With a suitable substrate as the acceptor, these mechanically 
exfoliated nanoflakes can be inspected and distinguished by an optical microscope. 
 
3.1.1 Basic mechanical exfoliation for graphene 
In 2004, Andre Geim and Konstantin Novoselov from the University of Manchester, 
UK won a Nobel Prize in Physics for isolating single-atom-thick graphene 
nanosheets(1). They used Scotch tapes to separate the graphite and obtained 
ultrathin graphene nanosheets. This method is the well-known mechanical 
exfoliation(2). To visualize the few layers to single layer graphene, the exfoliated 
nanoflakes are directly examined under an optical microscope. Thin nanoflakes (<15 
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nm) of graphene are transparent and have different thicknesses showing different 
colours when put on the 300 nm SiO2/Si substrate, which makes it convenient for 
researchers to choose the nanoflakes of the desired sizes and thicknesses. This easy-
handle way greatly decreases the difficulty and cost for achieving the high quality thin 
nanosheets. Moreover, the quality of the nanoflakes are better than those grown 
through the CVD or MBE, as they are directly separated from the high quality single 
crystal. This method accelerates and broadens the research on 2D materials and 
relevant projects, benefitting the future electronics and many other potential 
applications.  
The procedures for the mechanical exfoliation is easy to operate. Graphene is taken 
as an example here. The materials involved are only Scotch tape, HOPG (Highly 
oriented pyrolytic graphite), and clean 300 nm SiOx/Si wafers.  
The detailed procedures are presented here (shown in Fig.7a): 
1. Cut a Scotch tape of around 10 cm length  
2. Put the HOPG onto the sticky face of the tape, use the soft finger or Q-tip to tighten 
the crystal onto the tape.  
3. Gently detach the tape from the HOPG crystal. Now the tape is covered with a shiny 
graphite crystal. 
4. Use a clean part of the same tape or another clean tape to stick onto the top of the 
shiny “film”, then detach from each other, repeat this for 5~6 times.  
5. Adhere the shiny “film” dense area onto the clean SiO2 surface of the wafer. Rub 
the tape gently to make it fully contact with the wafer pieces.  
6. Examine the wafer under an optical microscope. The wafer can also be inspected 
under an SEM or AFM for further characterization. 
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3.1.2 Enhanced exfoliation method for other vdW materials 
Though the mechanical exfoliation has been a key method for the study of two-
dimensional materials, it still has some limitations. The trivial exfoliation method, which 
remained largely unchanged for a long time since its come-up, provides relatively 
smaller nanoflakes in size with moderate flake density yield and low ultrathin layer 
yield. Typically, the feasibility of obtaining thinner nanoflakes depends on their 
interlayer vdW force, which can be roughly judged by its interlayer distance. For 
example, the interlayer distance is 4.5 Å for graphite, 2.8 Å for WTe2 and 0.82Å for 
Fe3GeTe2. Thus, the order of difficulty for achieving ultrathin layers or monolayers is 
graphite<WTe2<Fe3GeTe2, which is in accordance with author’s experiment. Since it 
is extremely difficult to obtain ultrathin nanoflakes of larger size (>10 mx3 m) from 
some vdW single crystal by trivial exfoliation, such as WTe2 and Fe3GeTe2, some 
modifications should be carried out to optimize the trivial mechanical exfoliation 
method. 
Three forces exist in the mechanical exfoliation: the interlayer force of the single crystal, 
the force between the single crystal and the tape and the force between the single 
crystal and the substrate. Within these three forces, the intrinsic vdW force in the single 
crystal fundamentally determines the feasibility of obtaining ultrathin nanoflakes. The 
force between the single crystal and the substrate plays second important role. 
Because the nanoflakes will finally remain on the substrate, the good adhesion of 
single crystal to substrate is essential. The force between the single crystal and the 
tape work together with the force between the single crystal and the substrate to 
overcome the intrinsic vdW force. If these 3 forces meet the certain conditions, it will 
be feasible to obtain ultrathin layer or monolayer via mechanical exfoliation. To realize 
this, an improved interaction between single crystal and a substrate during exfoliation 
is the first issue, which requires a properly cleaned substrate. A cleaning treatment 
through ultrasonication and O2 plasma is necessary(3). Considering the ripples on the 
surface of the SiO2 /Si substrate, as shown in Fig. 7b, heating the substrate when the 
nanoflake-condensed tape is in contact with the substrate can also help increase the 
force between the single crystal and the substrate. More than this, the force can be 
increased by adding weights onto the tapes when it is in contact with the substrate(4). 
The second consideration is the adhesion of the tape, various tapes of different 
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viscosities can be chosen for exfoliation. As the Scotch tape always generates some 
glue residue, blue dicing tape for wafer protection is a better choice. The third 
consideration is decreasing the interlayer force within the single crystal. The main aim 
of both the first and the second element is to create a joint force to overcome the vdW 
force. The weaker interlayer vdW force contributes to a higher successful rate to obtain 
ultrathin nanoflakes. Though this is an intrinsic property of the material itself, we can 
still optimize it by ultrasonicating the single crystal in the proper solvent, thus the 
solvent will come into the interlayer and loosen the layers (as shown in the Fig. 7c)(4). 
After the ultrasonication, the crystal can be baked at 150 °C for long time in a glove 
box to get rid of the solvent residue. 
Given the discussion above, by taking the WTe2 singe crystal as an example, the 
operation of the mechanical exfoliation can be optimized as following: 
1. Wash the SiO2/Si wafers by ultrasonication in soap water, Acetone, Isopropyl 
alcohol and deionized water in sequence. Each step takes at least 30 mins. Dry the 
substrate by N2 gas between each cleaning. Keep the cleaned wafers in a clean plastic 
petridish and seal them for later use. It is better to do this step in clean room to avoid 
a second-time contamination on wafers after the clean.   
2. Put the single crystal in IPA and execute ultrasonication for 5 mins. Please mind 
that longer time and higher ultrasonication power won’t help to improve the effect, it 
may break the in-plane layer structure, leading to smaller pieces of the exfoliated 
nanoflakes.  
3. Bake the ultrasonicated single crystal at 150 °C for more than 30 minutes. It is better 
to carry out this step in a glove box to avoid oxidation.  
4. Prepare clean tapes and grab some crystals onto the tape from the mother crystal. 
Do the crystal separation step (same as step 4 for trivial exfoliation) for 3~6 times.  
5. At the same time of the step 4, put the wafers into O2 plasma and do cleaning for 5 
minutes. 
6. Once the O2 plasma cleaning is done, quickly put the crystal condensed tape onto 
the freshly cleaned wafer. 
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7. Use a Q-tip to slightly rub the tape covered on the substrate surface, make sure 
there are no or few bubbles between the tapes and the wafers. 
8. Sandwich the wafer by two glass slides, put them onto the hot plate at 100 °C, put 
on one 500 g weight for each wafer piece.  
9. Switch off the hot plate, wait for cool-down of the tape and substrate. 
10. Remove the weights, rub the tape on substrate surface for 1 minute.  
11. Open a small gap between the tape and the edge of the Si wafer at a small angle 
of around 30 degrees, then quickly detach the tape. An alternative operation is to very 
slowly detach the tape from the substrate, some researchers even designed a 
machine for this operation to realize ultra-slow detach(5). 
One thing the author need to clarify is that the method can be further modified and 
utilized for different requirements and materials. Some researchers use conductive 
substrate for optical experiments(6). Some researchers use AFM tip to achieve 
monolayer flakes(7). Some use thermal release tapes(8). The choice of the method 
depends on the conditions and experimental requirements. Here the author just 
provides a universal way for his electron transport experiment. Moreover, for different 
crystals, the corresponding parameters need to be calibrated to meet the best 
condition.  
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3.2 Heterostructure stacking 
This part focuses on the stacking method for fabricating vdW heterostructures. The 
first part provides a comprehensive description on the recently developed deterministic 
transfer methods for fabricating vdW heterostructures and its universal set-up. The second 
part introduces the PDMS dry-transfer method which the author mainly utilized in the first 
year PhD, with its drawbacks and some optimizing tips. The third part introduces the 
Figure 7. Steps and principles of mechanical exfoliation. (a) Step by step 
procedures for the exfoliation of the graphite crystal. The figure comes from the 
reference (2). (b) Schematic diagram for the O2 plasma cleaning of the substrate 
and the heating procedure. The picture comes from reference (5). (c) Schematic 
diagram of a vdW structure loosened by the ultrasonication. The in-plane 
nanosheet may be teared due to the long time or high power ultrasonication. (d) 
Image of a large area monolayer WTe2 obtained by the modified exfoliation 
method. Scale bar represents 10 m. 
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stacking method which is finally adopted by author, namely a ‘pick-up’ method. This part 
shows its detailed operation and the possible working principles. 
 
3.2.1 Recent progress in vdW heterostructure stacking 
The mechanical exfoliation method can provide extremely high quality nanoflakes by 
a direct separation from the single crystal(1). As discussed in chapter 2, the use of 
optical microscopy to examine the exfoliated nanoflakes randomly distributed on the 
substrate provides a fast and reliable method of locating the desired nanoflakes. 
However, fabricating vdW heterostructures formed by stacking different vdW 
nanoflakes(9) cannot be realized by simply combining the optical microscopy and 
mechanical exfoliation. The possibility of fabricating vdW heterostructures by 
randomly exfoliating different 2D crystals onto the same substrate is too small. To 
make the fabrication of such heterostructures controllable, new experimental 
techniques are required to place the vdW nanoflakes at desired locations.  
In 2010, Dean et al.(10) firstly realized this novel operation by using PMMA (polymethyl 
methacrylate) as a carrying layer and successfully transferred graphene nanoflakes onto 
the desired h-BN nanoflakes. In this method, as illustrated in Fig. 8a, nanoflakes are firstly 
exfoliated onto a SiO2/Si substrate covered with a water-soluble polymer layer and a 
PMMA layer. Then the substrate is immersed in deionized water to dissolve the water-
soluble polymer layer, leaving the hydrophobic PMMA layer which still carries nanoflakes 
floating on the water surface. The PMMA layer is then picked up from below by a glass 
slide which is later clamped onto a micromanipulator (with X, Y and Z axes) set up beside 
an optical microscope. By using the microscope and the micromanipulator, a desired 
nanoflake on the PMMA can be located and aligned precisely with a target immobilized on 
the microscope stage and brought into contact with the target by lowering the glass slide. 
Finally, the glass slide is raised slowly, gently releasing the top nanoflake on the target 
position. By repeating this ‘layer-by-layer’ operation, a vdW heterostructure with various 
layers can be fabricated. 
After then, many similar ways based on the same or similar principle came up, including 
the wedging method(11), the polyvinyl alcohol (PVA) method(12, 13) and the Elvacite 
44 
 
method(14). Despite the differences between these transfer methods, they are all carried 
out by a similar experimental set-up: an optical microscope with long working distance 
objective lenses and a micro-positioning system with ability to move in XYZ axes, as shown 
in Fig. 8b.  
Though these methods manage to the precise transfer of nanoflakes onto another 
chosen nanoflakes or transfer nanoflakes from one substrate to another one, the 
quality of the stacked heterostructure is always affected by the solvent used to dissolve 
the carrying (or sacrificial) layer. The contaminants always exist in the interlayer which 
are induced by carrier layer and solvent(15, 16). Thus, these methods are regarded 
as wet transfer methods. As these methods have limited use to fabricate 
heterostructures for the electron transport experiments, a dry-transfer method is 
essential for obtaining cleaner interfaces. Moreover, an amorphous layer can form on 
the surface of most of the 2D materials when they are in the ambient, thus the dry-
transfer method should also be operated in a glove box which is free of oxygen and 
water. 
 
3.2.2 Transfer method using PDMS 
Different from those transfer methods which rely on sacrificial polymer layers or wet 
chemistry, A. Castellanos-Gomez et al.(17) utilized viscoelastic PDMS films to carry out 
an all-dry transfer method which does not require wet chemistry steps and is easy to 
handle. In this method, a commercially available viscoelastic PDMS stamp (Gelfilm by Gel-
Pak®) is at first adhered to a clean glass slide. Then the nanoflakes are exfoliated onto the 
PDMS stamp by blue tape which is of lower viscosity. After then, the glass slide is clamped 
on a micromanipulator and a desired nanoflake is examined and put into contact with target 
after alignment. Finally, the glass slide is raised slowly to make PDMS gently detach from 
the substrate, leaving the desired nanoflake on the target. 
The viscoelasticity of PDMS film plays the vital role in the PDMS transfer method. The 
stamp behaves as an elastic solid at short time scales while it can slowly flow at long 
time scales(17). Therefore, by slowly detaching the PDMS film from the substrate, the 
flakes can be released and adhere to the acceptor surface. This method is applicable 
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to a variety of vdW crystals and allows nearly unlimited combinations of vdW materials. 
With atomically flat acceptor surfaces, a successful rate close to 100% can be 
achieved. When rougher substrates are used as acceptors, the successful rate 
decreases due to the reduced vdW forces between the atomically smooth top 
nanoflakes and the substrate. 
Though the PDMS method is easy to operate and cleaner than the wet transfer 
methods, some drawbacks still exist. During the transfer process, an excessive 
applied pressure can lead to the deformation of the viscoelastic PDMS and generate 
blisters in the interlayer after releasing the nanoflakes due to the sudden release of 
strain. Slowing down the peel off speed can effectively decrease the density of bubbles, 
but other problems still exists(18). One vital problem is that this way is not a real 
polymer-free one. Telling from the AFM picture of a nanoflake transferred by the 
PDMS in Fig. 8c, some PDMS residue still exist on the flake’s surface. Consider that 
this method also follows a ‘layer by layer’ transfer procedure, the residue can still exist 
on the tops of all transferred layers. Moreover, the residue is very hard to be removed 
by the solvent or even plasma cleaning without damaging the heterostructures due to 
the existence of the Si atoms in the PDMS. To optimize the method, an oxygen plasma 
(or ozone(18)) pre-treatment is necessary for the PDMS film before the transfer 
procedures. After a five-minute treatment, a very thin SiO2 layer with some short-chain 
organics will form on the PDMS surface. Under this condition, the surface residue 
mainly comes from the short-chain polymer, which can be removed by universal 
solvents such as acetone and IPA. The corresponding operation is shown in the Fig. 
8d and 8e. Though a relatively cleaner interface can be obtained by the optimized 
steps, the solvent cleaning and the increasing difficulty of transfer (the newly formed 
SiO2 layer weakens viscoelasticity) limits the practicability of this method.  
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3.2.3 Pick-up method 
All the transfer methods discussed above requires releasing a top nanoflake onto a 
bottom one, and the top surfaces of each transferred layers need to contact the carrier 
layer. Based on this concept, it is nearly impossible to obtain heterostructures with 
clean interface. Thus, the concept which guides the transfer method requires an 
updating. In 2013, L. Wang et al.(19) invented a deterministic transfer method based on 
a ‘pick-up’ concept. In this transfer method, strong vdW forces between various 2D 
materials are utilized to transfer flakes. Moreover, except for top layer, other vdW layers 
will not touch any carrier layers throughout the whole process in this method, which greatly 
reduces the blisters and contaminants trapped in interlayers. The initial work of this vdW 
a b 
c d e 
Figure 8. Steps, set-up and outcomes of the ‘layer by layer’ transfer methods. 
(a) Schematic diagram for the PMMA carrier transfer method. The picture comes from 
the reference (10). (b) Picture of a typical vdW heterstructure transfer system. The 
picture comes from the reference (9). (c) AFM image of a nanoflake transferred by 
PDMS, the dirty stuff is clear on the surface. (d) Nanoflakes exfoliated on untreated 
PDMS. (e) Nanoflakes exfoliated on O2 plasma treated PDMS. The cracks indicate 
the formation and broken of SiO2 layer. 
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pick-up methods was carried out by using an h-BN flake (serves as the top layer) to pick-
up the graphene nanoflakes (see Fig. 9b). Throughout this method, a PDMS film coated 
with a layer of polypropylene carbonate (PPC) is used to pick up all the vdW layers. At first, 
h-BN nanoflakes are exfoliated on the PPC surface. The stamp is then mounted on a glass 
slide which is attached on a micromanipulator for alignment later. The glass slide is then 
slowly lowered to bring the h-BN flake in contact with a graphene nanoflake exfoliated 
earlier on the SiO2/Si substrate. Because both h-BN flake and graphene flake are 
atomically flat and have similar hexagonal structures, the interlayer vdW force between 
them is very strong. After raising the glass slide slowly, the graphene flake can be picked-
up from the substrate by the h-BN flake. Then the picked-up heterostructure can be 
precisely aligned with another h-BN nanoflake for the following pick-up procedures. At last, 
the stacked heterostructure on the PPC film is aligned and brought into contact with a 
substrate fixed on a heating stage set at a certain temperature, which leads to the melt of 
the PPC layer. The PPC can be removed by dissolving in the chloroform. For electronic 
devices, if the acceptor substrate has pre-patterned circuits, the device can be tested 
directly with PPC covered due to its high insulating property(20). 
The PPC method is furtherly modified by F. Pizzocchero et al.(21) to obtain a totally 
bubble-free transfer technique. For the pick-up method, an extra hot plate is required 
compared with the former transfer methods.  During author’s PhD, Polycarbonate(22) (PC) 
is used as the top carrier layer and the detailed steps are listed as below (shown in the Fig. 
9b): 
1. Drop PC droplets (~30 L) onto a clean glass slide and then directly put a second 
glass slide on top of the PC covered slide.  
2. After the spread-out of PC, two glass slides are separated by sliding the two glass 
slides over each other. Uniform PC films will form on the 2 glass slides. Leave the 
PC film harden in air for about 15 minutes. 
3. Cut a PDMS stamp (Gelfilm by Gel-Pak®) into a similar shape as the PC film and 
uniformly put the PDMS stamp onto the PC film, the interlayer bubbles should be 
avoided. 
4. Slowly detach the PDMS from the glass slide. Due to the good adhesion of PC on 
the PDMS, the PC will be picked up together with the PDMS film. 
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5. Put the detached PC/PDMS onto a clean glass slide with PC layer faces up. Then 
use blades or scissors to cut the film into 3 mm x 3 mm sheets. Leave the sheets 
on a glass slide for later use. 
6. Exfoliate nanoflakes onto the substrate, identify the ideal nanoflakes by an optical 
microscope. 
7. Put a PC/PDMS sheet onto a glass slide. The PDMS surface contacts the glass 
slide. A transparent double tape can be used to fix the PC/PDMS on the glass slide. 
8. Fix the glass slide onto a manipulator, focus on the PC surface and find a place 
which is smooth without cracks. 
9. Align the target nanoflakes under the glass slide, increase the substrate 
temperature to 60~ 90 degree Celsius and lower down the manipulator till they 
contact each other. 
10. Switch off the heater and wait for the whole thing cool down. 
11. Slowly raise the manipulator, especially when the seal line is crossing the target 
section.  
12. Find another nanoflakes and do step 9~11 again, the number of repeat times 
depends on the number of layers the heterostructures need. 
13. Align the final substrate (maybe with pre-patterned electrodes) under the glass 
slide, move the manipulator to align the heterostructure on PC to the target place. 
Lower down the manipulator slowly and increase the temperature to 180 °C when 
the heterostructure is approaching the substrate. 
14. Let the PC slowly melt and conform onto the substrate surface, which avoid the 
blisters forming between the bottom heterostructure layer and the substrate. 
15.  Slowly raise the manipulator while the whole thing is still hot. The PC will separate 
from the PDMS and stay tightly on the substrate. 
16. Immerse the substrate into the chloroform to remove the PC layer.  
The pick-up method realizes the heterostructures with ultraclean interlayers and has a 
huge potential to realize some work that is extremely difficult for the MBE or CVD growth. 
The vdW transfer techniques offer perfect control over the fabrication of devices based on 
2D materials and pave the way for the exciting research avenues of vdW heterostructures. 
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3.3 Photolithography 
This part introduces the photolithography, which is a universal technique for the device 
fabrication. The first part describes the principle and introduces the instrument which 
author used for photolithography during his PhD. The second part introduces the mask 
design and the detailed experimental procedure. In the author’s experiment, the 
photolithography procedure is mainly for the marking of the e-beam lithography and 
the wire bonding steps introduced in the next sections. 
 
3.3.1 Principle 
Photolithography is a process of transferring the specific patterns on a designed mask 
to a substrate’s surface(23). The common steps of the photolithography process are 
shown in Fig. 10b, including substrate prebake (wafer cleaning), barrier layer coating 
Figure 9. Setup and steps of the ‘pick-up’ transfer method. (a) A vdW heterostructure 
stacking system setup in glove box. The author used this system during the PhD. (b) 
Schematic diagram of the nanoflake pick-up procedures. The picture comes from the 
reference (8). 
a b 
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(optional), photoresist spin-coating, edge bead removal(optional), soft baking, mask 
alignment with mask aligner, exposure, post exposure bake (optional), development, 
hard-baking(optional) and lift-off(optional). Photoresist is the soul of this technique.  
Photoresist is a radiation-sensitive compound that can be classified as positive or 
negative photoresist. For positive resists, the exposed regions can be dissolved in the 
developer which results in the formation of the same patterns on the substrate as the 
mask patterns. For the negative photoresists, the exposed areas become less soluble 
in the developer and the transferred patterns are the reverse of the patterns on the 
mask. (as shown in Fig. 10c). The author mainly utilizes a positive photoresist, AZ 
1512, for the first year’s PhD.   
When doing photolithography, the AZ 1512 photoresist is firstly spin-coated on the 
clean SiO2/Si substrates. The speed of spincoating can determines the thickness of 
the applied photoresist on the substrate, which can affect the exposure dose and the 
following metal deposition and lift-off steps. Then a soft baking at a certain temperature 
takes place in order to remove all the solvents from the spin-coated photoresist and to 
improve the photoresist’s adhesion on the substrate. The soft-baking process makes 
the coated AZ 1512 become photosensitive as well. The photoresist coated substrate 
is then put into a mask aligner with a designed mask loaded. After aligning the mask 
pattern and the substrate, the exposure step is executed. Two main exposure methods 
exist in photolithography(23): shadow printing and projection printing(23). Shadow 
printing is the main method used during author’s PhD. Shadow printing utilizes a 
designed mask which made of transparent glass with Cr coated pattern. Before the 
exposure, the mask is brought into contact with the photoresist-coated wafer. Then 
the photoresist is exposed by an ultraviolet light which goes through the back of the 
mask for a certain time. The shadow printing method can provide a resolution of 
around 1 m. At last, the exposed substrate is immersed in the developer for a fixed 
time and a desired pattern will turn out on the substrate. Moreover, as the photoresist 
is sensitive to the natural light, the whole procedure is always carried out in a dark or 
yellow light environment to ensure the quality of the photoresist. 
During the author’s PhD, a Karl SUSS MA6 mask aligner (Fig. 10a) was used for the 
photolithography procedure. This mask aligner allows precise alignment (1 m) with a 
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Hg-Xe vapor lamp of a wavelength of 650 nm. The exposure method is shadow 
printing method. The whole procedure is done in a typical clean room illuminated by a 
yellow fluorescent light. 
 
3.3.2 Experimental procedures 
In the author’s last two years’ experiment during PhD, another photoresist, AZ 5214E, 
was mainly used for the photolithography procedure. As the photolithography 
technique is used to fabricate electrodes and mark the desired nanoflakes on the 
substrates, the photoresist should be easy for the lift-off procedure after the 
metallization. As the viscosity of the AZ 1512 is quite high and its positive-wall profile 
(shown in Fig. 10d) is not easy for lift-off, the marked nanoflakes are always washed 
away after the lift-off procedure. Thus, a photo-resist which is easy to lift-off is required. 
The AZ 5214E is ideal for the lift-off procedures which require negative wall profiles 
(shown in Fig. 10d). Actually, AZ 5214E is a positive photoresist and can be used in 
the same way as other positive photoresists, but its photoactive compound, which 
consists of a novolac resin and naphthoquinone diazide(24), enables the image 
reversal and results in the formation of a reverse mask pattern on the substrate. 
The capability of image reversal is realized by a special crosslinking agent in the photo-
resist formulation which can be activated at temperatures above 110°C and this only 
happens in the exposed areas of the resist. When performing post exposure baking, 
the crosslinking agent reacts with the exposed photoactive compound and generates 
a so-called ‘crosslink’ which is totally light-insensitive and nearly insoluble in the 
developer. After the post exposure bake, the unexposed sections can still be regarded 
as a normal unexposed “positive photoresist”. Finally, a flood exposure (exposure 
without a mask) is applied on the whole substrate and the “positive photoresist” 
sections become soluble in the developer for positive photoresist, while the 
crosslinked areas still stay the same. Thus, a negative image of the mask pattern turns 
up on the substrate. Moreover, the dose of the first exposure is always quite low, so 
the exposed photoactive compound mainly distributes at the upper surface and results 
in the crosslink mainly forming in the top of the exposed area.  Therefore, a T-shaped 
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profile which has similar function as the negative-wall profile is formed due to the more 
insoluble top layer (as shown in Fig. 10d) which benefits the lift-off procedure. 
The detailed photolithography procedures using AZ 5214E are listed as below: 
1. Spin-coat AZ 5214E on a SiO2/Si substrate. The spin-coat recipe is 500 rpm 
(round per minute) with 100 rpm/s acceleration for 5 s, then 5000 rpm with 1000 
rpm/s acceleration for 40 s. The spin-coat leads to a resist thickness of around 
1.25 m.  
2. Soft bake the substrate at a temperature of 95 degree Celsius. The baking lasts 
for 90 seconds. 
3. Load the mask into the mask aligner. Select ‘Hard Contact’ on the mask aligner 
and load the substrate on the sample stage below the mask. When loading the 
sample, the system will firstly raise the sample stage till the sample surface 
touch the mask, then the sample stage goes down and holds the sample at a 
position of 80 m away from the mask surface, which enables the movement 
of the sample. The substrate is fixed by a vacuum hole on the sample stage. 
4. Find the desired patterns on the mask by adjusting the focus and the position 
of the top optical microscope.  
5. Focus on the sample surface and adjust the sample stage to align the sample 
with the mask pattern.  
6. Raise the sample stage till the sample surface touch the mask. Confirm the 
alignment between the mask pattern and sample. 
7. Set the exposure time value as ‘5.3 s’ and press ‘Exposure’ button. The UV 
light will come out and execute the exposure step.  
8. Take out the sample and bake it at 120 °C for 120 s. The temperature and time 
are critical for this step.  
9. Unload the mask from the mask aligner and load the sample on the sample 
stage.  
10. Set the exposure mode as “Flooding” and set the exposure time as ‘19 s’. Press 
‘Load’ and ‘Enter’ button in sequence to directly start the exposure. 
11. Prepare suitable amount of MIF 726 developer and DI water. Immerse the 
sample in MIF 726 developer for 60 s, then rinse it in DI water for 10 s to stop 
the development. 
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12. Dry the sample by a nitrogen gun and put it in a clean plastic petri-dish, pending 
for the following metal deposition and lift-off procedures.  
As clarified above, the main target of the photolithography is to provide a marker for 
the more precise e-beam lithography (EBL) patterning and to create a larger area 
electrode for the wire bonding procedure. The design for the author’s mask is shown 
in the Fig. 10e. The scale of the blue square is 50 m x 50 m, the point A is used as 
the reference point for the EBL, the pad size is around 3 mm, which is large enough 
for wire-bonding or even manual-soldering. 
 
a b 
c d e 
Figure 10. Detailed information about photolithography. (a) Photo of a SUSS MA 
6 mask aligner setup in a clean room. (b) Basic procedures of photolithography for 
a positive photoresist. (c) Comparison between the positive and negative 
photoresists. (d) Different pattern profiles for positive and negative photoresists. The 
profile of negative photo resist is more beneficial for lift-off procedure. Downward is 
the SEM picture of the AZ 5214E profile, it is a T structure benefits for lift-off 
procedure. The SEM picture comes from the reference (23).  (e) Mask design for the 
photoresist. The right image is the zoom-in from the red box in the left image. The 
blue square section for positioning the nanoflakes is 50 x 50 m
2
. 
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3.4 Electron beam lithography 
3.4.1 Principle 
Electron beam lithography (EBL) is a maskless lithography technique for creating 
extremely fine patterns required by modern electronic devices(23). This technique 
spring up with the development of the electron microscopy. Similar to the 
photolithography, this technique works by scanning a focused beam composed of 
high-energy electrons across the sample surface coated with a resist film which is 
sensitive to the high energy electron beam. Because the electron beam is more 
focused with tiny spot size than mask confined UV light beam and has less diffraction 
effect, this lithography method can easily ‘draw’ a pattern which is less than 1 m in 
dimension. 
Three main differences exist between the photolithography and e-beam lithography: 
1. EBL enables the patterning at very high resolution. The perfect control of the beam 
spot size and dose delivered to the photoresist coated on the wafer is the main reason. 
Due to the electron scattering in solids, the practical resolution for EBL is limited 
around 10 nm;  
2. EBL doesn’t require physical masks to define the patterns, the virtual mask system 
enables researchers to freely define the pattern by software according to the real 
samples; 
3. The patterning speed of EBL is one or more orders of magnitude slower than that 
of photolithography as the raster scan procedure takes longer time than the flood 
exposure. However, combining EBL and photolithography together can help to avoid 
these drawbacks. As mentioned before, in the author’s experiment, the 
photolithography is used for the definition of the macroscopic marker electrode while 
the EBL here deals with the patterns requiring higher resolution. 
As EBL involves narrow electron beams of high current density, the resolution 
depends on the spot size of the beam. Typically, the EBL based on a sequential 
scanning type system, such as an SEM. This leads to speed limitation at which the 
electron beam can be shifted and modulated to write the pattern and results in a “flash” 
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time in seconds. The maximum current (i) delivered by the beam is determined by the 
brightness of the e-beam source and column design of SEM. The maximum dose 
(namely area dose, C/cm2) is defined as below: 
𝐷𝑚𝑎𝑥 =
𝑖𝑡
𝐴
 
where the A is the pixel area in cm2.  For normal EBL procedures the dose is manually 
set instead of exposure time in photolithography to define the exposure period. 
Moreover, as the state of the electron gun varies with time, a current (i) measurement 
using a Faraday cup before the exposure is necessary (shown in the Fig. 11d).  
Similar to the photolithography, photoresist is an important part for the EBL. Here the 
PMMA is used for EBL procedure, and the principle for PMMA is similar as that for 
photolithography. The PMMA is always dissolved in anisole with different percentage, 
for example, 6% PMMA in anisole is labeled as A6, the higher the percentage, the 
thicker the PMMA layer will be after the spin-coating. The variable PMMA thicknesses 
enable the possibility to perform EBL on nanoflakes of various thicknesses, especially 
for the heterostructures which are relatively thicker. Thinner PMMA layer can 
contribute to a sharper pattern of higher resolution.     
  
3.4.2 Experimental procedures 
In author’s experiment, a Nano Patterning Generation System (NPGS) installed on an FEI 
Nova NanoSEMTM was mainly used for the EBL patterning, image of the instrument is 
shown in the Fig. 11b. The limitation for this system is 70 nm and the finest patterning scale 
is 125 m x 125 m (the largest drawing scale is 250 m x 250 m). This system only 
enables blind writing based on aligning one reference point. Thus, it is inappropriate to 
directly scan the desired place and do the patterning.  For nano-device fabrication on vdW 
nanoflakes, a feasible and standard way is to prepare a marker around the desired 
nanoflakes for alignment and positioning, then draw the contact pattern (virtual mask) 
according to the positioning information, at last the sample is loaded into the SEM and 
aligned for the final exposure. The photolithography mask pattern discussed in the last 
section plays the role of the marker.  
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For the positioning, the sample was inspected under a well-calibrated optical microscope 
by manually aligning the line L (show in the Fig. 11c, the red line) to the Y direction on the 
screen at the highest magnification. A picture is taken after the alignment, the picture 
should include the whole desired nanoflakes and the reference point A. The SEM images 
have been used for the positioning as well, but the drawn pattern always shift, which is due 
to the astigmatism and charging (insulative substrates for device fabrication) exist when 
the e-beam is scanning across the SEM image. Then a software named ImagJ is utilized 
to get the coordinates of the points on the nanoflakes by setting reference point A as the 
(0, 0) point. Then, the pattern of the nanoflakes and the 8 probes around are drawn by a 
DesignCAD software, based on which the desired electrode patterns are designed and 
drawn. When do the real exposure, the reference point is found without exposing the 
desired patterning section. The scan direction on the sample is also aligned to the same 
direction as that in the optical image taken before. The fine focus and astigmation removal 
is also important for the fine exposure.  
The main trouble the author met when using this system is that sometimes the drawn 
patterns still suffer significant displacement of about 0.5~1 m. The displacement should 
come from the systematic error in stage rotation according to the setup of the system. 
Before the exposure, the sample needs to be aligned to the same Y direction as that in the 
optical image which also requires a manual alignment to define the Y-axis. As both 
alignments rely on the eye detection and the movement of the SEM stage is not in high 
precision (0.5 degrees bias when do rotation), the displacement of EBL pattern always 
exists. Though up to now the error cannot be totally removed within the system, some 
extra operations can be carried out to improve the successful rate of patterning and 
optimize the error to an acceptable level. One thing is to optimize the photolithography 
technique to obtain large electrodes with sharp edges for the Y-axis alignment. The 
electrons’ edge should be smooth at the ~5000 x magnification when they are inspected 
by an SEM. This operation can greatly assist the Y-axis alignment (Fig. 11c), which greatly 
decrease the alignment errors. As the alignment steps cannot be perfect everytime, more 
leeway for the mass-production of the devices are required. On another hand, after 
observing the displacement of the pattern, an optical picture of the shifted pattern is taken, 
which is used as a reference for correcting the position of the former pattern in the 
DesignCAD software. Then, by executing a second-time EBL procedure, a new pattern on 
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the right position can be obtained. In summary, by some correction ways, the successful 
rate of EBL patterning can be improved to near 100%. 
The detailed procedures for EBL by the NPGS system installed on a Nova NanoSEMTM is 
shown below: 
1. Spin-coat PMMA (anisole serves as solvent) on the sample (SiO2/Si wafer with 
nanoflakes and maker electrodes). The choice of the PMMA concentration depends on 
the electrode thickness required for the nanoflakes. The higher the concentration, the 
thicker PMMA film will form on the wafer. 
2. Put the sample under an optical microscope, take an image under 100x objective lens 
with the marker electrode in a direction shown in Fig 11c.   
3. Use the ImagJ software to position the nanoflake, set the reference point (point A as 
shown in Fig. 11c) as (0, 0). Take the note for the coordinates of the nanoflake and the 8 
electrodes.  
4. Open the DesignCAD in the NPGS software, draw the noted positions. A nanoflake 
shape with 8 electrode ends will turn up after the drawing.  
5. Draw the desired pattern for the electrodes and cancel the nanoflake and electrode 
patterns. Save the CAD file for the exposure step. 
6. Load the Faraday cup into the Nova NanoSEMTM. Set the HV=30 kV, Spot size= 1.5 
and fine-focus the Faraday cup’s surface.  
7. Make the centre hole of the Faraday cup in the middle of the screen. Increase the 
magnification to maximum and connect the coaxial cable to the stage cord with another 
end connecting to a pico-ampere current meter.   
8. Wait for 1 mins for e-beam stabilization and read the current values for several times. 
Average the current values, take a note of this value. 
9. Load the sample into the SEM. After the chamber reaches the high vacuum, set HV=15 
kV, Spot size= 1, then focus on the marker electrode and make the reference point on the 
middle of the screen. Avoid scanning the patterning section when do this step.  
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10. Open the NPGS software, right click the CAD file and choose ‘RunFile editor’, insert 
the parameters as shown in the Fig. 11e. The current value is the same the average 
current value obtained in step 7.  
11.  Set HV=30 kV, Spot size=1.5. Start the image scan and restrict the scan range only 
around the reference point. Avoid scanning the patterning section. Well-focus again and 
ensure the reference point is in the middle of the screen. Then stop beam scan. 
12. In the NPGS software, select “NPGS mode”. Right click the saved runfile, press 
‘Process Runfile’, the software will automatically control the e-beam to scan over a virtual 
mask set by the beam blanker. 
13. After the exposure, immerse the sample in a MIBK: IPA=1:3 developer for 45 seconds, 
then rinse it in the IPA for 10 s to stop developing. Dry the sample and inspect the patterns 
under the optical microscope. 
Moreover, the EBL defined pattern can be used as the mask for the dry etch process. 
When used for this issue, the PMMA needs to be hard baked at 100 °C after the 
development. Thicker PMMA is also preferred to make the mask more sustainable during 
the etch process. Sometimes bilayer PMMA layers are spin-coated to form the T structure 
which makes it easier for the lift-off procedure(25).  Above all, EBL is a very flexible and 
useful technique for device fabrication. 
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3.5 Plasma treatment 
This part concentrates on the plasma treatment and the roles it plays in author’s 
experiment. The first section gives a brief introduction to the plasma cleaning and 
plasma etching procedures. The second part furtherly talks about the plasma cleaning 
process for the cleaning of the contact pattern before the metal deposition, the third 
A 
Figure 11. Details about the EBL based on NPGS system. (a) Typical procedures 
for EBL. (b) NPGS system setup for EBL, consisting of a Nova NanoSEMTM, a 
computer, a beam blanker and a picoampere current-meter. (c) Optical image of an 
aligned sample. The red line is always aligned as the Y-axis and point A is regarded 
as the reference point. The coordination of the desired points is derived by ImagJ 
software. (d) Principle of Faraday cup. Inset is the real Faraday cup to test the 
surface current of the e-beam in SEM. (e) Parameters for EBL, except for the 
current, all the parameters are kept the same everytime for the finest pattern. 
a 
b c 
d e 
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part thoroughly introduces the plasma etching process for the modification of sample 
shape.   
 
3.5.1 Principle 
A plasma is a partially-ionized gas consisting of equal numbers of positive and 
negative charges with unionized neutral molecules(26). When applying a direct current 
or radio frequency (RF) potential at a lower pressure, the plasma gas presents glow 
discharge. The colour of the glow varies with the composition of the glow discharge 
gas. For instance, argon plasma shows a bright blue colour, air or nitrogen plasma 
shows a pink colour and oxygen plasma (Ar mixed O2) shows a bright white colour. 
The different characteristic glows result from the optical emission of different 
wavelengths produced by the electronically excited ions in plasma gas. 
A typical plasma system always consists of a vacuum chamber, a door valve which 
can control a certain flow of gas at a reduced pressure of around 100 Torr and a RF 
gun at a frequency of 13.56 MHz which leads to the ionization of the gas atoms. Three 
kinds of the energy transfer happen to the gas particle in a plasma system: ionization, 
excitation and dissociation. During the ionization, bound electrons in atoms are emitted. 
For instance, the ionization of a Ne atom can be expressed as:  Ne → Ne+ + e-. In the 
atoms, high energy provided by the RF gun can drive the electrons to a higher energy 
level, which is known as excitation. An excited atom is conventionally labelled by an 
asterisk: e- + Ar → Ar*+ e-. For reactive gas rather than mono-atomic Ar gas, 
disassociation process always happens when the gas is subjected to the RF potential. 
For instance, O2+e-→ e-+O+O. The disassociation can lead to an increase in chemical 
reactivity, because the products are generally more reactive than the parent molecules. 
Moreover, ionization can also mix in the disassociation, such as the reaction e- + CHF3 
→ e- + CF2 + ·F and e- + CHF3 → 2e- + CHF2+ + F. 
Above all, applying RF potential at a reduced pressure can put the induced gas in an 
“active state” and thus the gas becomes reactive with the particle on the surface of the 
samples for the purposes of cleaning or etching. For example, at room temperature 
the activated oxygen atoms can oxidize the organic stuff on the nanoflakes effectively, 
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generating water and carbon dioxide which can be easily pumped out of the plasma 
system.     
3.5.2 Plasma cleaning  
Plasma cleaning of solid surfaces is one of the hot topics which has been applied in 
several industries(27), such as micro-chip fabrication, semiconductor processing, 
optical industry, etc. Here the author utilizes the plasma to clean the SiO2/Si wafers 
and the EBL patterns of the nano-electrodes before metal deposition. 
The surface of a solid body always has some dirty stuff when it’s put in the ambient, 
such as water. For a SiO2/Si wafer staying in atmosphere, some tiny dust, defects (pin 
holes that expose the bottom Si layer) and temporary water film always form and can 
decrease its use value. This issue seriously harms the pick-up transfer method cited 
before for heterostructure stacking. If a nanoflake is exfoliated on a dirty wafer and 
picked up by the PC, the bottom surface which used to be in contact with the wafer 
may also pick up the dirty stuff, thereby the interface will be contaminated and the 
coupling between the vdW layers will be weakened. Moreover, the contamination 
increases the roughness of the SiO2 surface, decreasing the adhesion between the 
mother crystal and the wafer surface when doing the mechanical exfoliation, leading 
to a difficulty in achieving desired nanoflakes.  Moreover, the pin holes on the SiO2/Si 
wafer can lead to the scrapped devices due to the high conductivity of the heavily 
doped Si layer. Based on the reasons above, it is very important to ensure the 
cleanliness and integrity of the oxide layer on the wafer surface. Fortunately, a soft O2 
plasma treatment to the wafer surface is appropriate and efficient for solving all these 
problems. 
Different from the plasma etching process discussed later, a power of 30 W is enough 
for the requirements of plasma cleaning process. In author’s experiment, a Gatan 
SOLARUSTM plasma system (shown in the Fig. 12a) is used for the plasma cleaning 
process. The power range for the system is 30~ 65 W. The available function gases 
are Ar, O2 and H2. The lowest pressure that can be reached is 1 mTorr. 
The recipe for the cleaning of SiO2/Si wafers is 50 W, 20 sccm O2 with 70 mTorr pre-
pumped pressure. The lasting time is 1~10 min. By running this recipe, we can achieve 
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an ultra-clean wafer surface without pin hole which is essential for the device 
fabrication process. 
This plasma cleaning procedure is quite mild as the pressure is quite high (280 mTorr) 
when the working gas is induced. The mean free path of the particle can be affected 
by the chamber vacuum and the lower the vacuum leads to lower energy of the plasma 
particle when it reaches the wafer surface. The O2 plasma can also activate the 
surface of the SiO2/Si wafer, making the nanoflakes more adhesive to the substrate 
which benefits the exfoliation procedure. 
Apart from the O2 plasma treatment for cleaning the substrate, another kind of plasma 
cleaning process is utilized for removing the PMMA residue at the bottom of the 
electrode patterns after the e-beam lithography. As shown in the Fig. 12b, even if the 
dose and the developing is perfect, it is still possible that the residue of PMMA (around 
1 nm thick) remains at the bottom of the pattern drawn by EBL. Since the metal will be 
deposited onto the pattern portion to form ohmic contacts, cleanliness of the 
intermediate layers between the surface of the nanoflake and the metal electrodes are 
very important. A contaminated intermediate layer can result in high electrical noise 
levels and even electrical burns of the sample, which makes the manufacturing of the 
entire device futile. Therefore, the cleaning step of the pattern drawn by the EBL is 
indispensable. In addition, in order to avoid oxidation of the surface of the sample for 
metal deposition, Ar plasma is generally used for the cleaning process. Unlike the 
other gases, Ar is a neutral gas which is not chemical active. The Ar plasma treats a 
sample just by bombardment on its surface. The Ar plasma clean time is shorter (within 
30 s) to avoid over-etch the surface of the nanoflake.  The recipe for Ar cleaning is Ar 
7 sccm, pre-pump to 3 mTorr, with a RF gun power of 50 W. Moreover, an ideal 
process is the in-situ plasma cleaning, which enables the operation of both plasma 
cleaning and metal deposition in sequence under vacuum. Removing the sample from 
the vacuum after plasma treatment may still result in a second contamination of the 
pattern. 
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3.5.3 Plasma etching 
Symmetrical samples are essential for strict standard Hall measurements. Since the 
shape of the nanoflakes obtained by mechanical peeling cannot be controlled, it is not 
practical to perform electron transport on a symmetric nanosheets obtained by 
mechanical exfoliation. Therefore, it is essential to etch the nanosheet into a 
symmetrical shape. In order to accurately etch the nanoflakes, a desired pattern is 
firstly defined by EBL. The patterned photoresist, which provides etching selectivity, 
can serve as a mask for the etch process. Two methods exist for etching the sample. 
One is the wet etching carried out by immersing the sample into the chemical etchant, 
another way is dry etch realized by the high energy plasma. Dry etching has several 
advantages over wet etching methods, such as fewer chemical disposal problems and 
less effects on metal properties (if the material has metal elements). Moreover, wet 
etch always leads to the undercutting and broadening of photoresist profiles, while 
plasma etching can easily achieve nano-size etching with a cleaner surface. By 
adjusting the etching recipe, different styles of profiles which is superior to the wet etch 
(shown in Fig. 12c) can be achieved. Plasma dry etching contains several methods 
including physical etching by ion bombardment, chemical etching through a chemical 
reaction between the plasma and the sample and combined physical and chemical 
mechanisms. When exploring a dry etching process, the style of the etch profile and 
the etch selectivity ratio between the mask and etched sample require careful 
consideration. According to the relationship between the vacuum level and the plasma 
energy discussed previously, a higher anisotropic etch can be easily obtained with a 
plasma system at lower pressures and higher energies. 
In the author’s experiment, an Oxford PlasmaPro System 100-ICPTM system is utilized 
to enable the inductively coupled plasma (ICP) etching. The energy of 
this plasma source is provided by electromagnetic induced current. It can reach a 
chamber pressure of 10-7 Torr with high etch rates and high ion density. Moreover, the 
RF and ICP generators can separately control the ion energy and ion density, which 
improves the process flexibility. As the material varies, special recipes are only 
available for certain samples. For materials such as FGT, since iron does not have 
fluoride compound whose melting point is lower than 300 °C, the fluorine-based gas 
can’t work for it. A simple way is to use Ar gas to physically etch FGT. The recipe for 
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FGT etch by ICP is 15 sccm Ar, 15 mTorr chamber pressure, 20 W RF energy and 
300 W ICP energy. The outcome is shown in the Fig. 12e, we can see the FGT surface 
is still smooth after etching. The etch rate is ~0.8 nm/min, but it’s hard to control the 
etch rate for this recipe, because the oxide layer on the FGT surface varies everytime. 
Apart from FGT, other materials, such as graphite (O2), h-BN (CHF3+O2), WTe2 
(C4F8+O2) can also be easily etched by ICP system via different dry etching methods. 
 
 
3.6 Metal deposition 
This part mainly introduces the method of metal deposition after the lithography 
process. The first part introduces the e-beam evaporation method, the second part 
a b 
d e 
c 
Figure 12. Plasma cleaning and etching techniques. (a) Photo of a Gatan SolarusTM 
Plasma system. It is used for plasma cleaning. (b) Schematic diagram for plasma 
cleaning, the PMMA residue is removed after the Ar plasma treatment. (c) Comparison 
between wet etch and plasma etch. (d) Photo of an Oxford PlasmaPro 100 ICPTM 
system. (e) AFM image of a FGT nanoflake etched by Ar plasma using ICP. The etched 
part is very smooth compared with the unetched part. The scale bar represents 2 m. 
After plasma 
cleaning 
d e 
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introduces the ion beam sputtering deposition. Both methods contributed to the device 
fabrication during author’s PhD. 
3.6.1 Electron beam evaporation 
Electron beam evaporation enables a high energy beam, which is ejected by a 
charged tungsten filament, to bombard a crucible filled with target metal under high 
vacuum. Under the irradiation of a high energy electron beam, the target metal rises 
to high temperatures and turns into gas. Then the evaporated metal gas precipitate 
into solid form on the colder surface, such as the inner wall of the chamber and 
samples on the holder, thereby form a layer of the target metal on the desired sample 
surface. Generally, the main chamber of an e-beam evaporator is pumped to 
a pressure of less than 5×10−5 Torr. Because the mean free path of the electrons 
increases with higher vacuum level, the high vacuum allows electron beam to precisely 
reach the crucible. As shown in the Fig. 13b, the electrons generated by an electron 
gun are accelerated to a high kinetic energy and are guided towards the evaporation 
material by magnetic field. The evaporated electrons will lose their energy very rapidly 
when they reach the evaporation material(28). Most of the energy is converted to 
thermal energy and thereby the material is heated to melt or sublime. The resulting 
vapor can then coat the sample surfaces which is directly above the material source. 
Typical accelerating voltages of an electron gun are between 3 and 40 kV, while most 
of the electron's kinetic energy turns into thermal energy at 20~25 kV with a beam 
current of a few amperes.  
Moreover, the sample holder of an e-beam evaporator can perform rotational 
movements, which help to coat the outer surface of the sample evenly. However, the 
inner surface of a sample with complex structures cannot be coated by an e-beam 
evaporator. Another potential problem comes from the degradation of the tungsten 
filament in the electron gun which can lead to an unstable evaporation rate. During 
author’s PhD, a Kurt J. Lesker PVD 75 e-beam evaporator is used for the deposition 
of photolithography samples with relatively larger patterns. For the smaller electrodes 
directly contacting to the nanoflakes, a more compact and perfect metal deposition is 
required, thereby another metal deposition technology of higher energy is required.  
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3.6.2 Sputtering system 
Sputter deposition is a widely used technique for depositing thin films on 
substrates(29). The technique enables the ion bombardment of source material (target) 
and results in a vapor for material deposition. The most common method of depositing 
a thin film by sputtering is to use a magnetron source where a positive ion is present 
in a plasma of magnetically enhanced glow discharge to bombard target. Here a Gatan 
Precision Etching and Coating System (PECS™) is used for the sputtering deposition, 
as shown in the Fig. 13c. In this system, two Argon ion guns are used to generate an 
ion beam (10 keV, 614 A), and the system can be equipped with four targets with a 
minimum pressure of 8x10-7 Torr, which is sufficient to fabricate high quality electrodes. 
Here, Cr and Au targets are utilized for the metal deposition.  
As an alternative to vapor deposition, sputter deposition has better step coverage. 
Compared with the evaporation methods, sputtering uses a plasma to produce many 
high-speed atoms or ions that bombard the target, which results in sputtered target 
atoms of higher energy and helps to build superior contact between target atoms and 
samples.    
 
a 
c d 
b 
Figure 13. Schematic diagrams of coating systems. (a) Photo of a Kurt 
J. Lesker PVD 75 e-beam evaporator system setup in a cleanroom. (b) 
Principle of the e-beam evaporator. (c) Photo of a Gatan precision coating 
and etching system. (d) A device after the metal lift-off procedure. 
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3.7 Wire bonding 
Wire bonding is an ultrasonic welding process to interconnect the semiconductor chips 
to the outside circuits(23). Welding is a process that joins metals. Usually, an 
intermetallic alloy is formed between the materials to be joined. Welding is superior to 
other joining methods such as soldering, which allows materials with low melting 
temperatures melt and solidify within the joint. Two kinds of bonding exist in the wire 
bonding process: ball bonding and wedge bonding (shown in Fig. 14c). The general 
working process begins with the formation of a gold ball in the air at the tip end, then 
subsequent first (by ball bonding) and second (wedge bonding) bonding are execuated. 
A Weitianxing WT-2310TM wire bonder which is used for wirebonding is shown in the 
Fig. 14a. 25 m diameter gold cables are used in this system, the ‘work route’ of the 
gold cable in the wirebonder is shown in the Fig. 14b. 
Many parameters determine the quality of wire bonding. The formation of the free air 
ball (FAB) is the first issue. In a wire bonder, the end of the gold wire is always set 2 
mm out of the solder tip. Then a fire marker (Fig. 14b), which is close to the tip, will 
discharge the low energy plasma to heat and melt the gold wire outside the solder tip.  
Finally,  the molten gold ball cools down and turns in to a FAB. The quality of the FAB 
is determined by firing time and the electrical flame-off current.   
The first and second ultrasonic weld is determined by ultrasonic energy, bonding force, 
temperature of the acceptor surface and bonding time.  Moreover, the typical shape 
of the first and second bond is different, as shown in Fig. 14d. By applying ultrasonic 
energy and bonding force, the FAB deforms on the gold electrode and construct the 
first bond. The second bond is also formed by the deformation of the gold wire by the 
applying bonding force and ultrasonic energy. Different from the first bond, the wire 
deformation is determined by the initial microstructural state of the wire. The formation 
of the second bond is more challengeable as the bond contact is directly generated 
from the force of the tip, rather than the pre-formed gold ball. The detailed steps are 
shown below: 
1. Put the substrate on the stage, roughly align the tip to the portion for bonding. 
Put the fire marker at the right place, set the proper firing time and firing current. 
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2. Set the machine into ‘Test Mode’, press the main button, then the tip will slowly 
lower and gently touch the surface of the substrate, then rise back to the original 
position immediately. By this step the system can resolve the length between 
the tip and the substrate surface, thus it can set itself the correct alignment 
distance when do the welding. 
3. Set the right parameters of bonding force, bonding time and ultrasonic energy. 
4. Press and hold the main button, the tip will drop and stop at the alignment 
point, where the tip will remain slightly above the surface of the substrate. At 
this step, the stage is still movable to precisely align the tip to the desired 
position. 
5. Release the main button, the tip will press onto the substrate with the set force 
and time, at the same time the ultrasonic energy will melt the gold ball, thus the 
first bond will form. 
In the author’s experiment, the connections between the PPMS pucks and the devices 
are constructed by the wire bonding between the electrode pad on the device and the 
gold pad on the puck (Fig. 14d). 
 
 
 
Figure 14. Overview of the wirebonding. (a) Photo of the Weitianxing WT-2310 
wirebonder author used during the PhD. (b) Zoom-in picture of the core part of the 
wirebonder. The part in red framework is the fire marker. (c) Schematic diagram of 
the wirebonding principle. (d) SEM images for the first and second bonding junction. 
c 
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3.8 Focused ion beam 
3.8.1 Principle 
Focused ion beam (FIB) enables a beam of heavy ions, typically Ga+, to bombard a 
target sample. In the beam gun, a Ga reservoir is connected to a tungsten needle. As 
Ga is a liquid metal with low melt point, by heating the reservoir, liquid Ga flows to the 
tip of the needle and forms a small point source. With a high applied electric field, the 
needle will extract the ions from the reservoir. FIB is always setup in an SEM system 
and has a similar imaging principle as the SEM, thus it can be regarded as a ‘scanning 
ion microscope’. Better than e-beam, FIB can be used not only for imaging, but also 
for site specific milling and metal deposition(30) (patterning). When raster scanning a 
sample surface, the ion-beam bombards the surface and thereby generates secondary 
ions and secondary electrons which enable the image formation of the sample surface 
topography. As the Ga+ ions are of atomic size, the material is sputtered and facilitates 
the milling of the sample. 
During author’s PhD, a Thermo Scientific™ Scios™ DualBeam™ is used for the FIB 
work (shown in Fig. 15a). This is a combined Ga FIB and SEM workstation, which 
allows various nanofabrication work. The author used this instrument for Pt contact 
fabrication, TEM sample preparation and FIB milling. For TEM sample preparation, a 
thin foil is at first made in the bulk material. The thin foil is then picked up by an ultra-
sharp needle tip and thinned again precisely by the FIB to ensure the e-beam can 
pass through the foil. Metal deposition is another interesting technique enabled by FIB. 
With a Gas Injection System (GIS) equipped on the system, nanoscale metal 
deposition can be carried out. This technique seems to be more convenient than the 
lithography-based device fabrication methods. When doing the deposition, organic 
precursor gas(31) will be ejected from the GIS gun and irradiated by FIB to guide the 
separated Pt onto the desired place. However, when the electrode is fabricated on a 
10 μm-sized nanosheet using this technique, an incompletely decomposed Pt/carbon 
gas mixed in the Pt gas can be deposited around the desired location, contaminating 
the device and affecting transport measurement, as shown in Figure 15b. Moreover, 
the FIB raster scans the desired place when do the deposition and induces surface 
damage, especially for the materials with surface states. Therefore, this technique is 
not applicable for nanodevice fabrication of the materials which have layered 
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structures or is surface sensitive, as the FIB and contaminants can introduce damage, 
impurity and defects.  
The Scios™ DualBeam™ system is mainly used for FIB milling during the author’s 
PhD. It is utilized for 2 targets, fabricating nanostructures for optical devices and 
precisely etching the nano-devices for shape modification. 
 
3.8.2 FIB assisted nanostructure fabrication 
FIB provides exciting new possibilities for the study of various materials with its precise 
control over the geometry of the material crystals in sub-micrometer scale. It offers 
reliable methods to realize mesoscopic structures which cannot be realized by simply 
adjusting the thin film growth method.   
Though FIB-prepared nanostructures are always covered by a shell of amorphous 
layer due to the damage effect of the high energy FIB, the bulk properties of the 
materials stay unaffected(32). Therefore, it is still effective to fabricate nanostructures 
on some materials’ surfaces by FIB. Fabricating special nanostructures is an important 
issue for various research fields, such as the field of SSP. It is a common experimental 
strategy to introduce nanostructures onto the smooth surface of a material to excite 
the SPPs on the surface of the material. By fabricating regular arrays onto the smooth 
material surface, the incident light can be trapped within the nanostructures and the 
SSP signal can be enhanced, making it easier to be observed. In addition, a structure 
of nanograting arrays is always chosen for the excitation of SPP, which helps to 
increase the excitation efficiency by limiting the distribution of excited SPPs within a 
narrow frequency range(33). Moreover, by adjusting the geometrical parameters of 
the nanograting arrays, such as the period and width, the frequency of the SPPs can 
also be tuned. FIB is an ideal tool for fabricating such nanostructures, by controlling 
the area and dose of the virtual etch mask, a series of arrays with the same scale, 
same depth and controlled grating width can be fabricated on the certain material 
crystal sheets. Fig. 15c shows a nanograting array etched for plasmonic experiment. 
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Above all, the use of FIB for nanostructure fabrication greatly facilitates the exploration 
of new physical phenomena through experiments and benefits the study of future 
electronics and optoelectronics. 
 
3.8.3 Precise FIB etch on the nano-devices 
In author’s project, all the nanoflakes are obtained by mechanical exfoliation where 
the nanoflakes are always of random sizes and shapes. Though there are standard 
data processing methods to remove the effects of device asymmetry when doing 
transport measurement, it is still necessary to make the devices symmetric for samples 
with intrinsic antisymmetric MR or Hall resistance. Thus, the reliability of the relevant 
phenomena can be confirmed. In author’s work discussed later in Chapter 5, the 
FGT/Graphite/FGT heterostructure shows antisymmetric magnetoresistance. To 
confirm that the antisymmetric magnetoresistance is not from the Hall effect’s signal, 
the etch of the device is essential to make it symmetric. To carry out the etching 
process, the high energy ICP discussed before is firstly considered. As the melt point 
of FeF3 is over 1000 degree Celsius, the etching of FGT can’t be carried out by fluoride 
gas (CF4, CHF3, C4F8 etc.). The only feasible way is using Ar to physically etch the 
FGT. However, according to author’s experiments, the Ar etching selectivity of PMMA: 
FGT is much more than one (nearly 12). Considering that most FGT/Graphite/FGT 
devices have two FGT layers which are totally more than 80 nm, the etching process 
is difficult to accomplish with one-time PMMA mask (PMMA A9 is around 1.5 m) 
fabricated by EBL. In addition, the antisymmetric magnetoresistance comes from the 
FGT/Graphite interlayer, so the FIB etch can be considered for the etching process.  
As cited before, the high energy FIB can sputter the sample surface and enable the 
controlled milling of the material. However, similar to other techniques involving 
energetic optical, electron or ion beam, the FIB can seriously damage the material’s 
surface as well. Thus, to obtain the symmetric Hall bar by FIB etching without affecting 
the sample structure and its inherent properties, the energetic ion induced damage is 
the major problem to be solved. The ion induced damage is strongly dependent on the 
kinetic energy of the ions. With higher energy, the ions can penetrate deeply into the 
material and cause the injection of the ions and energy in the material bulk, which can 
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even lead to the dislocation of the material structure. At lower energies, the mean free 
path of the ions in metals is greatly reduced which helps the ions and energy to 
condense in the top surface layer of the material, typically in a range of 10 nm(34).   
A variety of parameters can be optimized for the FIB etching process. The beam 
voltage and current are the two vital parameters. A higher beam current can increase 
the sample temperature due to the increased power dissipation. Moreover, higher 
currents require wider apertures and lead to a larger area of the sample surface 
exposing under the ion flux. Hence, in author’s experiment, the beam current is set to 
the lowest level (1.5 pA), and the etch process should have a rest interval (etch 5 
seconds then stop for 10 seconds) to avoid the accumulation of the power dissipation. 
The acceleration voltage mainly decides the ion kinetic power which determines the 
surface damage. However, operating FIB at lower voltage (such as 1 kV) leads to the 
poor beam focusing, which can affect the resolution of the device etch. In author’s 
experiment, a voltage of 15 kV was selected to drive the ion particles and the etched 
regions are confined within lines of 100 nm width to minimize the ion damage area, as 
shown in Fig. 15d. After the FIB etch, the sample is treated with oxygen and argon 
plasma in sequence to oxidize the Ga particles remaining at the etched place (GaOx 
is electrically inactive) and cleaning the amorphous surface layer.    
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Chapter 4  
Hard magnetic properties in nanoﬂake van 
der Waals Fe3GeTe2 
4.1 Introduction, research gaps and aims 
Since the discovery of graphene, 2D vdW materials have been receiving widespread 
attention. Though the exploration on optical and electronic properties of vdW material 
is very prosperous to date, experimental reports on magnetic properties of 2D vdW 
materials are still scarce. Since magnetism is one of the most important parts of 
physics, it is essential to search for vdW magnetic materials for the exploration in 2D 
materials regime. 
Among the vdW materials predicted to be ferromagnetic materials, Fe3GeTe2 (FGT) 
is a promising candidate. Though the bulk FGT shows small coercivity and low 
remanence, the magnetic properties of a vdW magnetic material should strongly 
depend on its domain structure, which is related to the thickness of the material. This 
prediction motivates us to investigate the magnetic properties of exfoliated FGT 
nanoflakes through anomalous Hall effect by electronic transport measurement.  
The primary aim of this chapter was to discuss the discovery of a metallic vdW 
ferromagnetic material and reveal its potential application in vdW spintronic devices.  
Section 4.2 presents the outcome of this research in a published manuscript. The 
outcome shows that Fe3GeTe2 is a vdW ferromagnet with perfect ferromagnetic 
properties and is very promising for the fabrication of spintronic devices. 
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4.2 Published manuscript 
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Chapter 5  
Antisymmetric magnetoresistance in van 
der Waals Fe3GeTe2/graphite/Fe3GeTe2 tri-
layer heterostructures 
5.1 Introduction, research gaps and aims 
 In the last chapter, we demonstrated the superior magnetic properties of the 
nanoflake FGT. It’s large MR/MS ratio and coercivity indicate the existence of strong 
magnetic perpendicular anisotropy, which reveals its potential as a building block for 
vdW spintronic devices. Based on this outcome, we try to utilize FGT to design and 
fabricate spintronic devices.  
The primary aim of this chapter was to show the electron transport measurement on 
vdW spintronic devices and discuss the cause of the abnormal phenomena observed 
during the measurement.  
Section 5.2 presents the outcome of this research in a published manuscript. The 
outcome shows that FGT/Graphite/FGT heterostructures have an abnormal 
antisymmetric magnetoresistance. The further theoretical calculation explains the 
cause of the different resistance states and reveals more detailed physics in the FGT, 
which also helps to provide more ideas on designing novel spintronic devices. 
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 5.2 Published manuscript 
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Chapter 6   
Nanograting-assisted generation of 
surface plasmon polaritons in Weyl 
semimetal WTe2 
6.1 Introduction, research gaps and aims 
Surface plasmon polaritons (SPPs) are electromagnetic waves propagating along the 
interface between a conductor and a dielectric. SPP has been widely utilized in optical 
devices, such as bio-detection, solar cells, waveguides, etc. WTe2 is a superstar in the 
field of condensed matter physics. Up to date, quantum spin Hall effect, non-saturation 
magnetoresistance, ferroelectricity and superconductivity have all been observed in 
WTe2. Moreover, WTe2 is experimentally demonstrated as a type II Weyl semimetal 
whose Fermi surface encloses both electron and hole pockets as well. Thus it is 
possible that pristine Weyl semimetals could generate nonreciprocal SPPs without 
external magnetic fields by using topological Weyl node separation. Exploring the SSP 
in the Weyl semimetal WTe2 should be a very interesting and promising work, as to 
date the experimental reports on surface plasmons in Weyl semimetals are scarce. 
The primary aim of this chapter was to discuss the generation of SPP on Weyl 
semimetal WTe2 and reveal its promising application in the future.  
Section 6.2 presents the outcome of this research in a published manuscript. The 
outcome shows the existence of SPP on an optical device with nano-grating structures 
fabricated by FIB, which are consistent with the simulations. The outcomes indicate 
the promising application of Weyl semimetals in plasmonic and opto-electronic devices.  
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 6.2 Published manuscript 
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Chapter 7  
Conclusion 
7.1 Summary of contribution 
VdW ferromagnetic materials represent a new class of materials that have magnetic 
properties and have layered structures. Its importance so far has mostly been 
demonstrated or predicted in condensed matter physics, vdW spintronics and possible 
applications in electronics. Before their experimental discovery, the existence of 
metallic vdW ferromagnets with large coercive field and high remanence are predicted 
and many relevant experimental work have been carried out. In these predicted 
materials, Fe3GeTe2 is a promising candidate. However, up to the beginning of 
author’s PhD, only FGT single crystal had been studied.  
In this dissertation, the author performed electron transport measurement on FGT 
nanoflakes of various thicknesses. By checking the anomalous Hall effect, the 
magnetic properties can be indicated by transport measurement. The experimental 
outcome displays large coercivity and MR vs MS ratio (remanence) in the thin FGT 
nanoflakes. In addition to anomalous Hall measurement, angle dependent Hall 
measurements were performed as well, which demonstrate the strong magnetic 
anisotropy in the FGT. By utilizing a novel vdW heterostructure assembly technique, 
we fabricated FGT/Graphite/FGT devices that exhibit unprecedented transport 
properties. Under the TC of FGT, the heterostructure show antisymmetric 
magnetoresistance with three resistance states, high and low resistance states when 
the two FGT layer’s magnetizations align to different directions and medium resistance 
states when the magnetizations align to the same direction in both FGT layers. This 
interesting phenomenon is generated by the spin-orbit coupling in the FGT/Graphite 
interface, due to the existence of spin textures on the surface of the FGT. Above all, 
the transport measurements on FGT nanoflakes demonstrate that it is a promising 
material for the study of vdW spintronics and the fabricated heterostructures based on 
FGT demonstrate its potential in developing future spintronic devices.   
Weyl semimetal has long been a hot topic in condensed matter physics. Recently the 
experimental discovery of the Weyl semimetal has greatly attracted the attentions. 
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WTe2 is a type II Weyl semimetal which has been experimentally demonstrated. It is 
predicted that the pristine Weyl semimetals could also generate nonreciprocal SPPs 
without external magnetic fields by using topological Weyl node separation, while no 
relevant experiments have been done since then. Therefore, exploring the SPP in 
WTe2 is a very promising research work. 
To explore the plasmonic in WTe2, the author has used FIB to construct nano-gratings 
on a WTe2 crystal sheet and observed surface plasmon polaritons in the visible 
wavelength range. By changing the width of the WTe2 nano-gratings, the response 
can be tuned as well. The experiment results are in accordance with the numerical 
simulations. The visible plasmonic resonance in WTe2 is beneficial for the realization 
of plasmonic manipulation and novel optical devices. This work provides a promising 
opportunity to utilize Weyl semimetals for potential applications in advanced plasmonic 
and optoelectronic devices. 
  
7.2 Future work 
The work established here indicate new paradigms in superior electronic and optical 
performances which can be fullfilled in future for 2D materials. For future work, there 
are a few potential areas and directions described here.  
The first issue is that since a vdW ferromagnet with good magnetic properties has 
been discovered, can we utilize vdW ferromagnets and vdW antiferromagnets to 
generate exchange bias in vdW regime? It has been proven that manipulating 
exchange interactions in magnetic materials is an effective way to achieve highly 
functional materials. In magnetic storage technologies, giant magnetoresistance and 
magnetic tunnel junctions are the two superstars which are enabled by the control of 
the interlayer exchange coupling and exchange bias. Up to date, heterostructures of 
magnetic material integrated with superconductors, topological insulators and 
semiconductors have been proposed and investigated, most of the work based on 
MBE growth. However, standard exchange bias generated in manually stacked 
heterostructures has never been reported. The problem is possibly due to the large 
vdW gap between the ferromagnetic and anti-ferromagnetic layers generated by lattice 
99 
 
mismatch. Realizing exchange bias in a manually stacked vdW heterostructure system 
can broaden the utilization of magnetism in vdW regime through proximity exchange 
effects. This can potentially give birth to more novel functional materials as well, which 
is very exciting and interesting.  
As FGT is a vdW ferromagnet with large coercivities and remanence, many vdW 
spintronic devices can be designed and fabricated. Combined with the vdW transfer 
method which works for most of the 2D materials, the exploration can be carried out 
more conveniently without considering the layer mismatch. Interesting future work 
could be FGT based tunneling junction, spin injection devices and valley spintronics.  
The antisymmetric magnetoresistance observed in this work indicates that FGT is not 
a simple ferromagnet. More experimental and theoretical work should be carried out 
to further investigate its mechanism. Moreover, based on these unique properties, 
FGT may have a chance to play important roles in other research fields. 
The observation of SSP in WTe2 crystal sheet indicates its potential as a building block 
for optical and opto-electronic devices. More optical measurements, such as the 
excitation by polarized light and light source in terahertz range, can be carried out to 
probe the relationship between plasmonic signal and Weyl fermions. More WTe2 
based optical devices can be designed and tested for evaluating its future applications.  
Last and the most importantly, with the discovery of more novel vdW materials and the 
ability to stack multilayer heterostructures, more challengeable and exciting work are 
achievable to explore the remaining unsolved problems and predicted effects in 
physics such as Majorana Fermion, spin field transistors, quantum anomalous Hall 
effect and so on. 
  
 
